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(j) Abstract 
Group Transfer Polymerisation (GTP) is a silicon-mediated living polymerisation 
which can be performed over a wide range of temperatures, allows good control of 
molecular weight and is a good mechanism for production of block and graft 
copolymers. A silyl ketene acetal initiator is used to start polymerisation of acrylic 
or methacrylic monomers which are catalysed by nucleophilic or Lewis acid 
catalysts in a dry, impurity-free atmosphere. Since its discovery in 1983 by Du 
Pont, GTP has been ardently researched, although it has not yet been used in an 
industrial process due to the complicated processing involved and the high cost of 
initiators. 
This thesis presents experimental work, conducted in order to produce data with 
the aim of writing a mathematical model based on the reaction kinetics of a 
benzoate-catalysed GTP of methyl methacrylate using [(l-methoxy-2-methyl-l-
propenyl)oxy ltrimethylsilane as initiator. 
From a set of starting conditions the model presented herein will predict 
conversion of monomer, number average- and weight average molecular weight 
profiles for an isothermal solution GTP of 10% MMA in tetrahydrofuran. 
The reaction kinetics studied in order to write the model are presented in detail and 
their implications on the mechanism of GTP are discussed. Benzoate-catalysed 
GTP of MMA typically involves induction periods, so-called because 
polymerisation is slower than expected at the start of the reaction when compared 
to normal propagation. The reaction also suffers from an inherent termination 
reaction caused by protic impurities, despite being classed as a living 
polymerisation. These aspects have been programmed into the model. 
The polymerisation does not adhere to the Arrhenius Law in the way expected of 
most reactions. It is proposed that this is due to the reaction mechanism being more 
complicated than is currently believed. 
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1 Introductjon 
Group Transfer Polymerisation (GTP) is a silicon-mediated living polymerisation, 
first documented in 1983 by researchers at Du Pont, which can be performed over 
a wide range of temperatures. It allows good control of molecular weight and is a 
good mechanism for production of block and graft copolymers. A silyl ketene 
acetal initiator is used to start polymerisation of acrylic or methacrylic monomers 
which are catalysed by nucleophilic or Lewis acid catalysts. The reaction is highly 
sensitive to water and protic impurities, making rigorous drying of pure reagents 
and glassware essential. Thus all reagents, once dried, must be transferred by 
syringe and maintained in a dry, impurity-free atmosphere. 
The field of GTP is a relatively new area in polymer science and engineering. 
Although much research has been done on GTP and considerable progress made, it 
is still very much a process surrounded by confusion. As will become clear in the 
literature survey of this thesis, the reaction mechanism by which GTP works is still 
not fully understood, yet the scope of possibilities GTP provides presents many 
varied opportunities, and thus it seems GTP will be a candidate for much more 
research in years to come. 
The choice of direction for the work documented in this study was based on past 
and recent work done in the field of GTP. The objective was to further understand 
GTP and to construct a model which would be of use to future researchers as an 
aid to prediction of reaction results and a guide for scaling up the polymerisation 
beyond laboratory scale. 
This was done by performing many polymerisations of methyl methacrylate using 
[(I-methoxy-2-methyl-l-propenyl)oxy]trimethylsilane as initiator and 
tetrabutylammonium benzoate as catalyst. To allow the ease of sampling necessary 
for collection of data, these polymerisations were performed in solution, and thus 
the model is based on a 10% solution polymerisation of MMA in THF. 
I 
2 Literature Su~y 
This section based on a research study of the literature available on GTP begins 
with a section on GTP background, aimed at introducing the subject area, as well 
as explaining a few basic concepts which the reader should understand before the 
detailed and at times confusing details of GTP are revealed (sections 2.2 to 2.6). 
Applications and uses of GTP polymers are explored in section 2.7, which is 
followed by a brief precis of research on GTP, since much of it is conflicting, 
particularly in the case of GTP mechanism studies which can be highly confusing. 
2.1 Background 
Conventional anionic polymerisation of acrylic and methacrylic monomers to 
produce 'living' polymers was largely unsuccessful until the advent of group 
transfer polymerisation. This is mainly due to the restricted temperature range of 
anionic polymerisation for these monomers. When methyl methacrylate is 
polymerised anionically the reaction must be performed below _60°C (see section 
2.1.3.1). Above this temperature active centres attack the monomer and polymer 
ester groups causing termination and chain branching, and thus high 
polydispersity. This unfortunate side reaction has restricted commercial 
polymerisation of acrylic and methacrylic monomers by living anionic means[16, 
301. However, in 1983, workers at Du Pont discovered a new living polymerisation 
technique similar to anionic polymerisation which allowed acrylic and methacrylic 
monomers to be polymerised over a more agreeable temperature range[161, from 
-100 to 150°C. The process is mediated by a silicon-based initiator and was named 
Group Transfer Polymerisation (GTP) because workers at Du Pont believed the 
mechanism involved transfer of the silicon-bearing group from the growing 
polymer chain to the incoming monomer (see section 2.3). As well as the ability to 
polymerise monomers at room temperature and above, GTP has the further 
advantage that it can be used to produce polymers with much narrower molecular 
weight distribution than conventional free radical polymerisation. 
2.1.1 Termino1o~y 
'Group transfer polymerisation' was originally introduced as a term to identify two 
new polymerisation techniques which, although they have similarities, are quite 
different and should not be confused. 
2 
Group transfer polymerisation incorporates silyl ketene acetals as an active 
species, usually originating from the initiator used to start the reaction. Figure 
2. 1. La depicts a typical propagation step for group transfer polymerisation. 
-~~ 1+'1-1 '1 y. Y' \ Y' Y Y' 
'x 'x xJ 
Figure 2.1.1.a - A Simplistic schematic ofGTP propagation 
In this propagation step, the active silyl ketene acetal (here represented by X) is 
transferred to the incoming monomer which joins the chain and can undergo 
polymerisation with the next incoming monomer in the same way. This occurs in 
the presence of a catalyst (not to be confused with the initiator which actually takes 
part in the reaction and remains in the polymer chain) which, in the true sense of 
the term, remains unchanged after the polymerisation. 
'Aldol group transfer polymerisation' has a similar mechanism, although silyl 
transfer is from the incoming monomer to the polymer chain (see figure 2.1.1.b). 
The incoming monomer carries the transferring group (X), which is transferred to 
the polymer chain when polymerisation occurs. All monomer units, except the 
terminal one, have the silyl group attached. 
-.1 '1 
Y Y' ~/ 
-.~ 
\ Y' 
X 
Figure 2.1.1.b - A Simplistic Schematic of Aldol GTP 
Aldol GTP is covered in more depth in section 2.1.5.1. 
2,1.2 'Liyini' Polymers 
One of the first reported examples of a living polymerisation was anionic 
polymerisation of styrene with sodium naphthalenide, introduced by Szwarc in 
1956[1371. Living polymers are so-called because their reaction mechanisms do not 
3 
involve termination or chain transfer steps. This means that polymerisation will 
continue until all monomer has been depleted, as long as all impurities liable to 
react with the growing polymer are excluded. This term was first accredited to 
these polymerisation mechanisms by Szward21. 
Quirk and Lee presented the following list of criteria for a living polymerisation in 
their paper on the subject of living polymerisation mechanisms [1131. 
(1) Polymerisation proceeds until all monomer has been consumed. Further 
addition of monomer results in continued polymerisation. 
(2) The number average molecular weight is a linear function of conversion. 
(3) The number of polymer molecules is constant, independent of conversion. 
(4) Molecular weight can be controlled by stoichiometry. 
(5) Narrow molecular weight distribution polymers are produced. 
(6) Block copolymers can be prepared by sequential monomer addition. 
(7) Chain-end functionalised polymers can be prepared in quantitative yield. 
Proof of a living polymerisation can be provided by adding further monomer to a 
polymerisation which has depleted all monomer, in which case a truly living 
system will continue to polymerise the monomer until it is again depleted. This has 
been shown to occur in GTP by Sogah et al whose work included storing a living 
polymer mixture in an inert atmosphere for 18 hours after which further 
polymerisation occurred when additional monomer was added[16). A certain 
degree of termination does occur in GTP as shown by Brittain and Dicker[5, 6) 
most probably due to impurities. However, GTP can still be classified as living 
because the termination and chain transfer observed is often so insignificant that it 
can be considered negligible [8,40,421. Further proof that GTP polymers are living 
has been provided by Webster et al[441; by adding more monomer to a polymer in 
the presence of a catalyst, but no initiator. Even after isolation and several days 
storage at room temperature, polymer was shown to grow in chain length, 
implying living polymer chains initiated further polymerisation since no initiator 
was present. As covered in detail in section 2.5, GTP is a suitable process for 
production of block and functionalised polymers, and thus satisfies the criteria 
listed above. 
2.1.3 Polymerisation mechanisms of methyl methacrylate 
In order to appreciate the differences between GTP and other methods of 
polymerising acrylic and methacrylic monomers the following is a guide to other 
mechanisms which are commonly used to make polyacrylates and 
4 
polymethacrylates, namely free-radical and anionic polymerisation. Methyl 
methacrylate is used as an example monomer. 
Free radical, anionic, and group transfer polymerisations are all chain-growth 
polymerisation mechanisms or addition polymerisations. Chain-growth describes a 
polymerisation in which the polymer chain length increases by subsequent 
additions of single monomer units to a growing polymer chain by stimulating the 
opening of the double bond with a free radical or ionic initiator. This is in contrast 
to step-growth mechanism, which involves random reactions of two molecules, 
either of which may be monomer, oligomer or long-chain molecules. Chain-
growth mechanisms share three basic steps: initiation, propagation, and 
termination. 
2.1.3.1 Anionic polymerisation 
In anionic polymerisation the monomer is attacked by a basic, nucleophilic or 
other organometallic initiator[1091, e.g., n-butyl lithium. Further addition of 
monomer occurs between the carbanion and the counterion until monomer is 
depleted or a terminating agent such as methanol, water or carbon dioxide is 
added, since anionic polymerisation produces living polymers (see figure 
2. 1.3. La). 
----1,.~ Bu-M(x) + LiDH" 
Figure 2.1.3.1.a Anionic Polymerisation mechanism 
The molecular weight of the resulting polymer depends on the ratio of initiator to 
monomer since each polymer chain is started by an initiator molecule. Anionic 
polymerisation is also a living polymerisation, although less so at temperatures 
above -78°C. 
Anionic polymerisation to produce PMMA of narrow molecular weight can 
normally only be performed at temperatures below -7SoC [I, 16, 47], since above 
this temperature active centres attack the monomer and polymer ester groups 
causing termination [96,1071 and chain branching, and thus high polydispersity[4, 21, 
120, 2121. Anionic polymerisation of MMA at ambient temperature has recently 
been reported [112, 2191. Zagala and Hogen-Esch used a tetraphenylphosphonium 
cation as initiator. It was proposed that this initiator allows anionic polymerisation 
S 
at this temperature by reducing the side reactions often associated with anionic 
polymerisation above _7sod2191. Other researchers have also had success in 
-'" .. I .. [94 147 210 211 2211 peuormmg amomc po ymensahon at room temperature' , , , , 
though most seem to be restricted to a particular type or family of monomers. 
2.1.3.2 Free radical polymerisation 
Free radical polymerisation is a robust and economical polymerisation, and 
accounts for about 50% of all mass-produced polymers[2341. 1t is a popular method 
of polymerisation because it can be applied to a wide variety of monomers and is 
insensitive to monomer and solvent impurities, including water. Therefore there is 
no need for scrupulously dry reagents. A free radical is an atomic or molecular 
species with an unpaired electron. The free radical can react with a monomer to 
generate a chain carrier which can propagate a macromolecular chain in suitable 
conditions. The initiator is a molecule which undergoes homolytic fission into 
radicals when sUbjected to heat, chemical reaction or electromagnetic radiation. 
The resulting radicals must be of greater reactivity than the monomer radical and 
must remain stable long enough to react with monomer thereby creating an active 
centre. 
1- 1 ~ 21· } 
I' + M ~ IM' 
Initiation 
IM' +M ~ IMM' } I~x)' + M ~ I~x)M' Propagation 
I~x)M' + Il\,\y)M. ~ I~x)M- M~y)I 
} Termination 
I~x)M' + Il'v\y)M. ~ I~X+l) + I~y+l) 
I~x)M' + SH ~ I~x)MH + S· Chain Transfer 
Figure 2.1.3.2.a - Free radical polymerisation mechanism 
Figure 2.1.3.2.a shows the reaction stages involved in free radical polymerisation 
(I = initiator, M = monomer, H = hydrogen, S = solvent, a free radical is notified 
as, e.g., 10). Initiation involves two reaction steps and produces a molecule which 
can undergo propagation and thereby further addition of monomer. The oligomer 
can terminate either by reaction with another free radical polymer chain to form 
one polymer chain, or by a disproportionate reaction. Chain transfer of the free 
radical can also occur, either to the monomer, solvent or initiator[711. 
6 
Free radical polymerisation can be used to produce high molecular weight 
polymers from a variety of monomers, yet it yields polymers with a relatively 
broad molecular weight distribution and allows little control of the structure of the 
polymer. 
2.1.1 Back~round Chemistry reI atin~ to GTP 
The main focus of GTP research is on methacrylate and acrylate monomers, 
essentially because it opens a path for polymerisation of these monomers not 
previously available with conventional methods. To appreciate the difference 
between GTP and conventional anionic polymerisation it is important to 
understand some background chemistry. 
Nucleophilic addition to a., 13 unsaturated carbonyls, i.e., acrylates and 
methacrylates, can occur by either 1,4-addition (Michael addition) or 1,2-addition 
(see figure 2.1A.a) 
'1=0' 
l,4-addi~NU~ 
____ ~I O'Me+ 
Figure 2.1.4.a - Nucleophilic addition to a., f3 unsaturated carbonyls. 
1,4-addition is favoured by resonance stabilised carbanions whereas l,2-addition is 
favoured by reactive carbanions. The immediate products of l,4-addition are the 
enolates (1) and (2), and an a1koxide ion for 1,2-addition. 
-y-\ ---o ~\ -~-o 
RO 
(1) (2) 
The 1,2-addition reaction is favoured kinetically. However, if the attacking 
carbanion is sufficiently stabilised, because of the reactive stability of it and the 
alkoxide ion, the attack will be reversible. Thermodynamically, 1,4-addition is 
favoured and the product formed by the addition of the carbanion at the B-position 
may build up. It is this competition between 1,2- and 1,4-addition and the fates of 
the species formed which raises problems in anionic polymerisation of a., (3 
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unsaturated carbonyls. In the case of methacrylates and acrylates the enolate 
formed will be the ester enolate (2). 
For successful anionic polymerisation, conditions are required whereby one 
addition is forced in one direction, and thus there is no competition. Reaction 
conditions must also not allow elimination, which can follow addition to form 
unsaturated esters (following 1,2-addition), or lead to intramolecular cyclisation in 
the case of lA-addition. 
Enolate anions are stable at -78°C and can undergo repeated addition to form 
polymers. At higher temperatures 1,2-addition and alkoxide elimination can occur 
causing deviation from ideal living polymerisation behaviour. The temperature at 
which this deviation becomes apparent depends on the substituent R in the ester 
group. In the case of methyl methacrylate this temperature is about _70°C, whilst 
tert-butyl methacrylate can be polymerised by anionic polymerisation at 24 QC. 
GTP overcomes these difficulties for methacrylate and acrylate polymerisation and 
therefore has created considerable interest since its discovery[91. 
2.1.4.! Snyl Ketene Aceta!s 
These reagents have the general formula (3), and provide excellent regiochemical 
control over several organic reactions, including addition to IX, J3 unsaturated esters 
and ketones. They are the preferred reagents for use as initiators in GTP and can be 
prepared from the appropriate ester. To give good control of molecular weight in 
GTP, initiation must be fast compared to propagation, and thus the simplest 
initiator, [(l-methoxy-2-methyl-l-propenyl)oxy Jtrimethylsilane (4) (known as 
MTS) is often used for polymerisation of MMA since its structure is similar to that 
of the monomer. 
I 
"r~ 
o 
Meo~ 
(3) (4) 
The silicon atom in sHyl ketene acetals is obviously very important to the GTP 
mechanism. Other reagents not containing silicon have been reported which 
initiate GTP, e.g., tetrabutylarnmonium cyanide£341. Silicon's outer electronic 
configuration is 3s2:3p2:3dO, differing from carbon in its possession of vacant d-
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orbitals, which allows expansion of its valency or back-bonding [181. 1921. This 
points to why silyl ketene acetals are unique initiators of GTP, since the 
mechanism is believed to involve a hypervalent molecule, and numerous 
compounds are known in which silicon is penta- or hexa-co-ordinated [144. 1921 (see 
section 2.3). 
2. 1.5 Other Uyin~ Polymerisations 
Since the discovery of GTP there have been reports of a number of living 
polymerisation processes whose propagation stage is similar to that of GTP, such 
as aldol GTP and group transfer alternating copolymerisation. These GTP related 
mechanisms are described below briefly. 
2.1.5.1 Aldol ~roup transfer polymerisation 
Some two years after the initial patent on GTP, workers at DuPont named a second 
invention which also involved silicon transfer[129. 145. 2561, however its 
mechanism involves an aldol condensation and thus it was termed 'aldol group 
transfer polymerisation'. In aldol GTP, trialkylsilyl vinyl ethers such as (6) are 
polymerised using aldehydes (5) as initiators, i.e., the silyl group is present in the 
monomer rather than the initiator as is the case in conventional GTP. 
(5) 
(7) (6) 
(6) 
cat . 
.. 
cat . 
.. 
(7) 
(8) 
Aldol GTP involves transfer of the silyl group from monomer to initiator rather 
than the opposite for GTP[1291. Lewis acids are effective catalysts of aldol GTP 
I 
o 
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and much less Lewis acid catalyst is required for Aldol GTP when compared to 
Lewis acid catalysed GTP. Aldol GTP is seen as a potential alternative to cationic 
polymerisation [9] since it produces living polymers. Living cationic polymerisation 
has been reported, but not yet applied to siIyl vinyl ethers. 
Most aldehydes will initiate aldol GTP, though aromatic aldehydes are generally 
preferred [145] . Since the polymer chains are living, aldol GTP is particularly useful 
for preparation of block copolymers simply by sequential addition of 
monomers [145] . 
Many papers have been written on aldol GTP[88, 119, 152,239,244,255,261] although 
it does not seem to be as popular as GTP, most likely because it is limited to a 
specific and relatively specialised range of monomers. 
2.1.5.2 Group Transfer Alternatin~ CopolymerisatiQo 
Kobayashi and workers discovered a novel alternating copolymerisation process 
which involves transfer of a siIyl group and thus named it group transfer 
alternating copolymerisation (GTAC)[86.125]. This follows a similar mechanism to 
GTP, while producing a significantly different structure from more conventional 
alternating copolymerisation methods such as oxidation-reduction alternating 
copolymerisation[258]. The resulting polymer consists of two units, one produced 
by group transfer, the other by a conventional anionic polymerisation step, 
alternating from unit to unit. Kobayashi et al produced (11) from a GTAC of (9) 
and trimethylsilyl 2-(acryloyloxy)ethanesulphonate (10). 
(9) (10) 
(11) 
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In the first step of this polymerisation, a Michael type addition occurs between (9) 
and (10), resulting in an enolate anion at the second oxygen in the trimethylsilyl 2-
(acryloyloxy)ethanesulphonate monomer unit. The trimethylsilyl group transfers to 
this site resulting in a zwitterion. Two of these zwitterion molecules will then react 
to produce a dimeric zwitterion (11). 
The fact that this was performed without addition of catalyst has interesting 
implications on the mechanism of GTP (see section 23.4). 
2.1.53 Liying Free Radical Polymerisation 
Although free radical polymerisation is one of the most widely used techniques for 
production of polymers, it affords little control over molecular weight because of 
inherent high reactivity and low selectivity of the propagating radical species. Over 
the past few years researchers aiming to produce a living free radical 
polymerisation have been relatively active, and their work has been fruitful [230, 
23!, 232, 235, 2451. The key to controlling free radical polymerisation lies in the 
rapid reversible formation of dormant species with a covalent bond from the 
reactive radical species. This decreases the concentration of actively polymerising 
radicals at any time, thereby reducing the chance of termination reactions 
occurring between growing radicals and ensuring equal probability of growth for 
all dormant radicals. 
Ph Ph Ph Ph 
I I I I 
PhO-C-C-OPh + MMA -- - PhO-C-PMMA-C-OPh I I I I 
Ph Ph Ph Ph 
(12) (13) 
Braun used (12) to initiate polymerisation of methyl methacrylate and to cap 
poly(methyl methacrylate), then heated the capped polymer (13) with extra 
. I •• [2591 
monomer to contmue po ymensatlOn . 
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(14) (IS) 
Davenport et al recently claimed a living free radical polymerisation which did not 
require initiators[245]. Their autopolymerisation of styrene was effected using 
nitroxide adducts of styrene such as (14) and (IS) as free radicals to start the 
polymerisation. 
Since free radical polymerisation is less sensitive to water and impurities there is 
no need to scrupulously dry reagents. Thus it is an attractive alternative to existing 
living polymerisation processes. 
2.1.5.4 Metal-free anionic polymerisation 
Named as a viable alternative to GTP polymerisation [981, this process results in 
polymers of Iow polydispersity value made at room temperature with the use of 
silylated thiols, ammonium salts, and other non-metal catalysts[247, 2521, while 
having the advantage that polar monomers can be polymerised. 
2.1.5.5 Acyl 2roUP transfer polymerisation 
This is a novel polymerisation of thiiranes first brought to light by Kameyama et al 
in 1994[1691. It uses carboxylic acid derivatives as initiators and onium salts as 
catalysts and appears to function by a similar mechanism to GTP resulting in a 
polymer having a terminal S-thioester group. 
2.1.6 Industrial polymerisation of methyl methacrylate 
Methacrylate polymers are produced industrially in the form of sheets, rods, tubes, 
blocks, pellets, solutions, lattices and beads. Most of the commercially available 
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polymers are prepared by free-radical processes, which may be carried out 
homogeneously (bulk or solution polymerisation), or heterogeneously (suspension 
or emulsion polymerisation). The method used is generally governed by the form 
in which the polymer is finally used. 
Methyl methacrylate polymerisations are accompanied by liberation of heat, which 
must be dissipated to avoid uncontrolled exothermic polymerisation, and a 
decrease in volume, which is particularly important when sheet casting the 
polymer[79,801. 
PMMA is used in products which require strength, mouldability, or special optical 
properties. Car light casings are made of PMMA to give them strength and 
translucency; drug diagnostic kits contain PMMA, included for its moulding 
properties; colorimetry ampoules are made of PMMA because its clarity will not 
affect analysis of coloured samples. PMMA is also used in overhead surgical 
lights, car speedometer casings, a variety of light housings, and many other 
products [265] . 
2.1.7 Reactor Desi flU 
Most research conducted on GTP is currently done at laboratory scale using batch 
reactors. This offers ease of mixing reagents and good temperature control since 
volumes are kept at manageable levels (usually no more than lOOmI). For kinetic 
studies of polymerisation mechanisms it is important to maintain constant 
conditions throughout a single reaction so that estimation of reaction rate 
parameters is reliable, and molecular weight distributions are representative of the 
starting conditions. For this reason polymerisation is often performed in bulk for 
such studies. In bulk, polymerisations with fast initiation can produce 
approximately monodisperse polymer. If a continuous stirred tank or semi-batch 
reactor were used molecular weight distribution would be much broader and 
addition of extra monomer would compromise estimation of a rate constant. 
2.2 C..enera! Features and Reaction Conditions 
GTP is a catalysed Michael addition polymerisation whose reaction involves 
addition of a silyl ketene acetal initiator to an 0:, ~ unsaturated ester, ketone, nitrile 
or arnide[95]. It is considered to be a living polymerisation up to and above ambient 
temperature. Cases of GTP have been reported at temperatures as high as lSOoC[9, 
13 
20] and as low as -IOODC, although no single catalyst will cover the whole 
temperature range. 
As in anionic polymerisation, the ratio of monomer to initiator concentration 
determines the number average molecular weight of the resulting polymer. 
However, since a small amount of termination is likely, and not all chains will 
polymerise at the same rate, this can only be used as a guide. Unlike anionic 
polymerisation, group transfer polymerisation of methyl methacrylate can be 
preformed above _60DC without significant termination reactions. When 
considering use of GTP of MMA as opposed to anionic polymerisation, this is the 
major advantage, since it allows production of PMMA without the problem of 
maintaining a low reaction temperature to avoid side reactions. 
Another similarity between anionic polymerisation and GTP is the apparent 
'induction period' often reported as an annoying though obviously inherent part of 
many polymerisations. In GTP, the terminology is somewhat inaccurately used, 
since it implies a further step in the reaction mechanism necessary before 
polymerisation can begin. Little is known about what is actually happening, other 
than polymerisation is proceeding at a slower rate than when the reaction reaches 
and maintains a faster rate later on. 
Control of molecular weight and molecular weight distribution can give important 
scientific and commercial advantages to a polymerisation process. GTP allows 
some control over tacticity (the stereo arrangement of monomer molecules in a 
chain - see section 2.6). Since significant termination can be avoided in the right 
conditions, it lends itself as a good mechanism for production of graft and block 
copolymers, although this tends to be simpler where monomers used are of the 
same family (see section 2.5). The resulting molecular weight of a polymer can be 
controlled with relative ease when polymerising with GTP. This is done by careful 
control of the ratio of initiator to monomer. As long as initiation is rapid in relation 
to propagation a narrow molecular weight distribution can be achieved. In correct 
conditions, complete conversion of monomer can be achieved, and thus the final 
molecular weight can be estimated from the ratio of monomer to initiator and the 
monomer's molecular weight. 
Since the active chain ends in GTP are quite reactive, they are very susceptible to 
impurities and water, which can cause immediate termination when present in only 
small fractions. Silyl ketene acetals are hydrolytically unstable and are sensitive to 
protic substances, so much care is required in experimental protocols, ensuring that 
dry impurity-free reagents are used and an inert atmosphere is maintained where 
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reagents are exposed. It is most sensible to use techniques which avoid contact 
between air and the reagents (since reagents can be contaminated by moisture in 
the air) and transfer all reagents by syringe. It is possible to achieve polymers with 
molecular weights in excess of 100,000, however all reagents used must be 
extremely pure[95] . 
2.2.1 Initiators 
The most commonly used initiator for GTP of methyl methacrylate (MMA) is [(1-
methoxy-2-methyl-l-propenyl)oxy]trimethylsilane (4). Otherwise known as MTS, 
it is effectively a silylated analogue of methyl methacrylate. Certainly for 
polymerisation of MMA this is the best initiator to use, since larger substituents on 
the silicon atom can cause a broadening of the molecular weight distribution. For 
example, replacing one of the methyl groups (R4 in (3» with a t-butyl group 
increases the number average molecular weight (Mn) significantly as well as 
slowing the polymerisation rate (16). This phenomenon may be due to the initiator's 
interaction with the catalyst or perhaps even chain termination. Either way, it has 
been found to be the case that the chosen initiator for a particular monomer should 
have a structure similar to the monomer itself in order to achieve polymers with 
narrow molecular weight distributions [14, 161. 
Silyl ketene acetal initiators can exist as one of two isomers: C-silyl isomers or 0-
silyl isomers, of which there are E and Z stereoisomers (although for the silyl 
ketene acetal MTS, E and Z stereoisomers are identical)[16, 59, 1711 (see figure 
2.2.1.a). 
CH3) (OR ::;; .. ;:==_:= CH3>=<OSIM93 
H OSiM9S H OR 
E.O-sUyl Z.O-sUyl C-silyl 
Figure 2.2.1.a - Stereoisomers of silyl ketene acetals. 
It has been suggested that in GTP, ElZ stereochemistry of the chain end plays a 
role in determining the tacticity of the polymer formed. However, Brittain and 
Dicker, conducting GTP experiments using a HgI2 catalyst, showed that the E- and 
Z-isomers react with MMA at the same rate, therefore there is no kinetic stereo-
differentiation. This is consistent with random tacticity obtained in their 
experiments [591. It has also been proposed that OIC isomerisation is responsible for 
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broad molecular weight distributions in GTP of acrylates because the C-silyl 
isomer is not an efficient GTP initiator [16] . 
When using initiator (16), observed and theoretical molecular weights agree weB, 
whereas initiator (17) yields polymer with a much higher weight average 
molecular weight than expected [16]. 
CH3) <OMe ~ Meo) (Me 
CH3 0-51--0 Me 
I 
Me 
H) <OMe 
Me OSlMe3 
(16) (17) 
This shows that a hydrogen attached to the silicon of the initiator molecule does 
not adversely effect polymerisation, whereas the substitution of the R2 methyl 
group in sHyl ketene acetal (3) for a hydrogen can significantly change the 
molecule's propensity for isomerisation; The initiator (17) isomerises much 
quicker than MfS causing a broadening in the molecular weight distribution. 
Initiators are a useful tool for functionalisation of polymers made by GTP. 
Changes in R3 allow introduction of functional end-group which can later be 
modified where necessary. 
(18) 
The initiator (18), for example, produces polymers with a terminal group from 
which the trimethylsilyl group can be removed to give PMMA with a terminal 
hydroxyl group (PMMA_OH)[16. 441. 
Another example of functionalisation is use of a styrene-containing initiator (19), 
to make a polymer with a styrene moiety (20). Functionalisation is discussed in 
greater detail in section 2.5.1. 
OMe 
~OSIMe3 
(19) 
--D-PMMA,==,OSIM63 
+ n MMA ----~ r-'-
OMe 
(20) 
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Hertler's studies using trialkylsilyl cyanides (general formula R3SiCN) as initiators 
showed that these initiators were prone to induction periods and suggested that the 
bulkier the substituent, the shorter the induction period experienced and broader 
the molecular weight distribution[67]. This is explained by the initiator's increased 
propensity to complex with catalyst when they contain bulkier substituents. 
Some cyclic silyl ketene acetals can also be used to initiate GTP, e.g. (21), (22), 
and (23p61. 
Me 
t:;) ~) 
OSiMe3 OSiMe3 
(21) (22) (23) 
Difunctional initiators can be used to form two propagating chains linked by a silyl 
group. Sogah reported successful polymerisation using a difunctional initiator 
analogous with (16) but with a methyl group in place of the H on Si[2411. Other 
difunctional initiators can be used to produce propagating chains at opposite ends 
of the initiator molecule, e.g., (24). 
Me3S!o) <: ~ <oSiMe3 
MeO CH2 OMe 
(24) 
Other silicon containing reagents which will initiate GTP include trimethylsilyl 
cyanide[12, 33, 441 (unique because initiation is slower than propagation and yet it 
can yield polymer with a low polydispersity[161), trimethylsiIyl-
dimethyIcyanide[l6], phosphorous-containing siIyl ketene acetals[431, 
triphenylphosphonium-containing siIyl ketene acetals [175], MC3SiSPh[161, 
alkyIthiosiIanes and aryIthiosilanes, reported by Reetz et al to be excellent 
initiators for GTP of acrylates[I841, MC3SiSMe [141, MC3SiCH2COOEt and 
Me3SiCH2COO-(-Bu [16], and MC3SiCR2CN and R2POSiMC3[16, 431. 
It is possible to initiate a GTP reaction using reagents composed of some of the 
other group IV elements, such as trimethylstannyl and trimethylgermyl esters, 
however these give little control over molecular weight [14,441. Workers at DuPont 
theorised that this poor control was due to the rearrangement of the esters to ketene 
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acetals causing slow initiation. This is a phenomenon also seen when trimethylsilyl 
cyanide is used to initiate GTP which gives rise to extended induction periods [44]. 
Titanium enolate can also initiate GTP, albeit at low temperatures[264]. The fact 
that other group IV element-containing reagents will initiate GTP is of little 
surprise, since they will possess the same vacant d-orbitals. However, titanium has 
the outer electron configuration 3s2 3p6 3d4, and the argument that silicon's unique 
ability to form hypervalent species is what allows GTP to occur at room 
temperature (see section 2.1.4.1) seems to fall down, although this polymerisation 
may work by a different mechanism. Conversely, it has been shown that enolate 
ions alone have the ability to initiate GTP in the absence of any silicon-containing 
reagent[lS4, 111], which is of course another clue to the mechanism of GTP (see 
section 2.3) and also suggests that titanium enolate might yield an enolate which 
could then initiate GTP. 
2.2.2 Catalysts 
Silyl ketene acetals will not initiate GTP without a catalyst, except under high 
pressure (1-3 kbar), although there is understandably little control of molecular 
weight under these conditions[27]. When GTP was first reported the favoured 
catalysts were fluorides, bifluorides and Lewis acids(3, 14]. Many other 
nucleophilic anion catalysts have since been reported to catalyse GTP effectively 
including oxyanions, metallocene compounds [229], cyanide and azide salts. These 
are discussed in more detail below. 
2.2.2.1 Lewjs Acid Catalysts 
Lewis acids such as zinc halides [166], mercuric iodide[58], dialkylaluminium oxide 
and dialkylaluminium chloride are primarily of use in acrylate GTP as 
methacrylate monomers are less reactive in their presence [118]. The molecular 
weight distribution of polyacrylates prepared by GTP with Lewis acids is generally 
narrower than when anionic catalysts such as bifluorides are used [118], and it is 
difficult to produce narrow molecular weight distribution polyacrylates using 
anion-catalysed GTP[42]. 
Halogenated alkanes and aromatic hydrocarbon solvents are preferred for Lewis 
acid catalysed GTP and the amount of catalyst used is much higher than for anion-
catalysed GTP, indeed as much as 20 mol% relative to monomer may be required. 
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2.2.2.2 Nucleophilic Catalysts 
FI 'd [16] b'f1 'd [16 61 143, 165] . b' . 'd [16] uon es , 1 uon es " ,oxyamons, IOxyamons, aZl es , 
cyanides and difluorotrimethylsiliconate have all successfully catalysed GTP 
reactions. In contrast to Lewis acids, these catalysts are usually used at 
concentrations in the range 0.1 to 1.0 mol% with respect to initiator. The anionic 
catalysts are usually used as tetraalkylammonium or 
tris(dimethylamino)sulphonium (TAS) salts. These salts have the advantage of 
being soluble in tetrahydrofuran, a solvent commonly used when a solution GTP is 
performed. Dicker et al said that the counterion plays an important part in the 
catalysts activity[26]. Non-co-ordinating cations (e.g. TAS, tetrabutylammonium) 
give the best results in GTP, whereas alkali metal carboxylates such as sodium 
acetate, are not as good. They theorised that anions on the catalyst are complexed 
to their cations to a larger extent in alkali metal carboxylates, making them less 
available for interaction with the silyl ketene acetal initiator. 
The most useful and versatile GTP catalysts are the oxyanions developed by 
Dicker et aP7, 25, 26, 27, 223]. These include aliphatic and aromatic carboxylates 
(e.g., acetates and benzoates), phenolates, sulphinates, phosphinates, 
sulphonamidates, perfiuoroalkoxides and their corresponding bioxyanions 
(complexes of the oxyanion with its conjugate acid)[17, 26]. These catalysts 
generally give slower reaction times for GTP than the fluoride and bifluoride 
catalysts, and thus allow better control of molecular weight and the reaction 
temperature. In fact, bioxyanions give even better control of molecular weight than 
their corresponding oxyanions [17]. This may be due to the bioxyanions acting as a 
slow release source of the oxyanion by dissociation. Bioxyanions are considered 
superior catalysts because of their ease of preparation, non-hygroscopic nature, and 
the uniformity of good results they provide [27] . 
Of the oxyanions studied it has been said that the benzoates give best results in 
terms of livingness of polymerisation, and phenolates the narrowest molecular 
weight distribution[17, 75]. It is also possible to induce longer lived polymerisations 
by decreasing the concentration of catalyst and careful control of reaction 
temperature[17] . 
Tetraalkylammonium cyanide has been extensively studied as a catalyst for 
GTP[16, 34, 36, 67]. It has been reported that cyanide-catalysed GTP suffers from a 
substantial induction period. Work by Schmalbrock et al suggested that this was 
due to the initiation mechanism[34]. Hertler's work further supported this, showing 
that the induction period was due to slow initiation during which catalyst was 
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consumed and only small oligomers formed, after which polymerisation proceeded 
at a much faster rate[67]. Schubert and Bandermann' s work on cyanide-catalysed 
GTP of methyl acrylate showed that GTP reactions with tetrabutylammonium 
cyanide as catalyst suffered no induction periods[361, illustrating that a class of 
catalysts can behave quite differently depending on the cation to which the 
nudeophile is attached. This further supports the theory of slow initiation being 
caused by a slow release of catalyst anion due to the stability of the catalyst 
compound. 
One nucleophilic catalyst, tetrabutylammonium fluoride trihydrate, is surprisingly 
good given the sensitivity of GTP to water[I6]. The fact that the smallest trace of 
water in reagents used in GTP can cause immediate termination of polymer chains 
suggests that this catalyst remains hydrated at all times throughout the reaction and 
even contradicts suggested mechanisms for GTP. However, Schubert and 
Bandermann said that GTP of methyl acrylate with this catalyst is accompanied by 
many side reactions and suggested it was unsuitable as a catalyst[361. 
Herder has successfully carried out a heterogeneous catalysis of GTP by 
supporting catalysts on polystyrene beads [27, 671. As well as solving the problems 
Bandermann suffered with insoluble catalysts [1431 this work showed conclusively 
that catalyst is not consumed by GTP, since the supported catalyst was retrieved 
and showed roughly the catalytic activity expected of fresh catalyst. Although this 
method does not afford as good control of molecular weight as does conventional 
GTP, it could pave the way for a continuous or semi-continuous GTP process. 
Collins et al published work on GTP catalysed by metallocene catalysts[l62, lOO, 
246]. A two component system comprising CpzZrMe2 and [CpzZrMe-
(THF)J[BPh41 was used in a process which was believed to follow a similar 
mechanism to GTP [180, 2291. 
The variety of catalysts documented for GTP and their selective properties 
illustrates the versatility of GTP as a polymerisation process, such that one can 
optimise polymerisation of a monomer by judicious selection of catalyst. 
2.2.3 Co-catalysts (ljyin~ness Enhancers) 
These are used in addition to the normal catalyst chosen and appear to enhance the 
longevity of the polymerisation, manifested by reduced termination and lower 
polydispersity[67, 206, 207]. It is thought that they do so by scavenging protic 
impurities and thus decreasing the possibility of termination of polymer chains. 
Acetonitrile in low concentrations is believed to enhance GTP in this way [SO, 65, 67, 
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200, 209] although, because it has been established that this solvent tends to 
..... . h . ki t· . GTP[12 33 57 134 165] lb· d . . mtenere Wit reaction ne ICS m "", resu Is 0 tame usmg It 
should be treated with caution. The effect of acetonitrile is attributed to 
complexation of the cyanide ion by hydrogen-bonding[67]. Acetonitrile at low 
concentrations co-ordinates with the anion catalyst, reducing the effective 
concentration of the catalyst which reduces the polymerisation rate. However, 
when acetonitrile is used as a solvent for GTP some termination occurs as a result 
of silylation of acetonitrile by the silyl ketene acetals. 
The other category of co-catalysts are trimethyl esters of the catalyst anion [206,207] 
and it is thought these may function by complexing with the catalyst and thereby 
reducing the concentration of oxyanion catalyst, as well as the polymerisation 
te[65,67] ra . 
2.2.4 Solyents 
It has already been mentioned that acetonitrile causes complications in GTP 
kinetics and this alone suggests selection of a solvent for use in GTP reactions is 
an important decision. 
Solvents are usually used in GTP reactions for one of two reasons; either to 
dissolve a catalyst insoluble in the monomer, or to perform a solution 
polymerisation. Solution polymerisation can be described as diluting monomer and 
other polymerisation reagents in a solvent and has the advantage that the reaction 
will be much slower than in bulk and will afford better control of temperature as 
well as allowing samples of the reaction mixture to be taken throughout (often 
difficult in bulk due to increasing viscosity). 
Past research has shown tetrahydrofuran to be the most popular choice, probably 
because it does not interfere with reaction kinetics and is relatively easy to distil. 
However, a variety of other solvents have also been used such as chlorobenzene, 
toluene, 1,2-dimethyoxyethane, N,N-dimethylformamide [127] , dichloromethane, 
1,2-dichloroethane, glycol dimethyl ether, propylene carbonate, and methyl 
pivalate. 
As previously mentioned, acetonitrile should be avoided as a solvent for GTP, 
since Bandermann and co-workers have shown that termination occurs 
significantly as a result of silylation of acetonitrile by the silyl ketene acetal[33, 39, 
134] 
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Polar solvents are most suitable for living polymerisations of methacrylates and 
give narrow molecular weight distributions[131. However, it has been shown that in 
polar solvents, the silyl group of the initiator undergoes a slow irreversible 0 to C 
silyl migration[591, which broadens the molecular weight distribution. 
2.2.5 Monomers 
The Du Pont group's initial paper on GTP described polymerisation of a, ~­
unsaturated esters, ketones, nitriles and carboxamides[3l , although the results listed 
include mainly methacrylates, and of these methyl methacrylate (MMA) is the 
most popular. This paper from 1983 illustrates well the status of GTP research 
today; many monomers can be polymerised by GTP and have been well 
documented, but by far the most researched is MMA, since GTP is still a relatively 
new field of research and understanding is best improved by sticking to a standard 
formula. Despite this, the variety of monomers which may be polymerised by GTP 
is extensive. 
Methacrylates are undoubtedly the best class of monomers for GTP, giving 
polymers with very narrow molecular weight distributions, and most of the 
common methacrylates have been polymerised[16, 191. Methacrylates with bulky 
ester groups tend to polymerise more slowly. Methacrylates containing functional 
groups which are sensitive to free radical or anionic polymerisation conditions can 
be polymerised by GTP. One example of this is 4-vinylbenzyl methacrylate[151, 
1821 which was copolymerised with MMA to produce a reactive polymethacrylate 
containing pendant styrene groups, This novel reactive polymer could be useful for 
synthesis of novel networks and interpenetrating polymer networks. Other 
examples of this unique use of GTP include polymerisation of allyl and sorbyl 
methacrylate[3, 14, 1141, and glycidyl methacrylate[3, 141 which provides pendant 
epoxy groups in the polymer thus allowing creation of a functional polymer [281 . 
Monomers with strong intramolecular hydrogen bonding can also be polymerised 
by GTP, e.g., ultraviolet stabilisers 4-methacryloxy-2-hydroxybenzophenone and 
2-(2-hydroxy-4-methacryloxyphenyl)-2H-benzotriazole which have both been 
copolymerised with MMA by GTP[911. 
Liquid crystalline poly(methacrylates) have been reported by Kreuder et aZ[1741, 
using 6-[4-(4-methoxyphenoxycarbonyl)phenoxy]hexyl methacrylate as monomer, 
though since 1986 little else has been reported on this subject 
Polymerisation of acrylates is more rapid than methacrylates; in a mixture of the 
two the acrylate polymerises virtually exclusively[91, resulting in polymers with 
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lower molecular weights and higher polydispersity values[19]. This may be due to 
cyclic termination of polymer chains (see section 2.3.5). As previously mentioned, 
Lewis acids are the best catalysts for GTP of acrylates (see section 2.2.2). 
Acrylonitrile, methacrylonitrile and N,N-dimethylacrylamide can all be 
polymerised using GTP[16] and polymerise so rapidly that mixing of reagents can 
not be fully accomplished before polymer forms, resulting in poor molecular 
weight control, even at low temperatures. Since these polymers are not soluble in 
ordinary solvents, a polar solvent such as dimethyl formamide is necessary when 
polymerisation is performed in solution. 
o 
Rl~OMe 
~ 
(25) 
o 
(26) 
Dienoates (25) and trienoates (26) are also more reactive than methacrylates and 
polymerise to give 1,4-lrans and 1,6-trans, trans polymer chains respectively[66]. 
The fact that these monomers polymerise by GTP suggests that the overall 
mechanism for GTP is a dissociative one (see section on mechanism), since an 
associative mechanism would require formation of a 10- or 12-membered ring for 
the trienoate to polymerise[65]. 
Even GTP of polyunsaturated monomers is possible. GTP of polyunsaturated 
esters results in unsaturated polymers which have double bonds in the main 
polymer chain[48. 66]. Better control of molecular weight of these polymers is 
achieved by using silyl ester polyenolates as initiators [262] rather than silyl ketene 
acetals, and Hertler et al proposed that this work suggested a dissociative 
mechanism at least for these monomers [66]. 
MeO OMe 
(27) (28) 
Difunctional methacrylates such as 2.6-dicarbomethoxy-l,6-heptadiene (27/83] 
and bis(2-carbomethoxyallyl)methylamine (28)[131] can be cyc1opolymerised by 
GTP. Another example was reported by Kozakiewicz et al in which N-
phenyldimethacrylamide (29) was cyc1opolymerised by GTP and results showed 
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that the polymer (30) was composed in the main of a six-membered imide ring as 
opposed to the five-membered rings typically seen when this monomer is 
polymerised by free radical polymerisation. 
(29) (30) 
Saito and Tirrell have prepared polymers of N-substituted maleimides (31) which 
are useful as heat resistant variants of common vinyl polymers[127]. 
~o 
(31) (32) (33) 
Suenaga et al produced a polymer of a-methylene-y-methyl-y-butyrolactone (32) 
which was similar in reactivity to methacrylates, while its' corresponding polymer 
has a more rigid polymer chain structure [177]. 
Another interesting example of GTP is that presented by Chino et al[216] in which 
I -trimethylsiloxybenzocyclobutene (33) undergoes an isomerisation process and a 
hetero-Diels-Alder reaction (the trimethylsilyl group is transferred from the 
monomer to the terminal end of the polymer). 
2.3 Kinetics and Mechanism 
Since its invention, the reaction mechanism by which GTP proceeds has been hotly 
disputed. The Du Pont groups' original theory was that GTP involved an 
associative mechanism (see section 2.3.1). Some workers later proposed a 
dissociative mechanism (see section 2.3.2), which led to further investigation of 
the mechanism by a variety of experimental means and even suggestions that both 
mechanisms could be operating or that the mechanism depends on the catalyst 
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used. This chapter outlines the history of mechanistic and kinetic research and 
presents the various theories surrounding GTP. 
2.3.1 The Associatiye Mechanism 
This is the mechanism originally proposed by the Du Pont group in 1983[3,14,16], 
and is stin favoured by many researchers in the field. It is believed the nucleophilic 
catalyst ion co-ordinates with the silicon of the initiator molecule to produce a 
pentacoordinate silicon species (34) in a reversible reaction. This activated initiator 
species undergoes an irreversible reaction to form a hypervalent silicon 
intermediate (35). A new C-C bond is created between the initiator and monomer 
and the trimethylsilyl group is transferred to the incoming monomer's carbonyl 
oxygen to form a new silyl ketene acetal chain end via a hypervalent silicon 
intermediate and an unusual eight-membered ring transition statd63, 641. 
I Nu Nu Nu I I I,,. I 1"51'\" ·SI- .... ·SI-.... 
"'I + Nu-
"'I +MMA '~Me - \yM. (4) . 0 • MeO 1 ....-- Meo~ MeO \[) 
(34) (35) (36) 
The resulting active oligomer (36) is now analogous with the starting active 
initiator (34) and as such can undergo further addition of monomer in a similar 
fashion, or may undergo a reversible activity exchange reaction in which it loses its 
co-ordinating nucleophilic catalyst to a second dormant polymer chain (37) which 
then becomes active ready for polymerisation. 
Nu 
I" I I 'SI-.... ~I _Sl-\-XM' I Pn -- I ~ \-XM' .. MeO I MeO + Nu' 
(36) (37) 
If this exchange of activity occurs, the dormant chain is temporarily unable to 
polymerise, although it can exchange activity with an active polymer chain to 
become active once more. Some researchers believe that at anyone time during a 
GTP reaction, most polymer chains are dormant and only a small amount are 
actually polymerising. This amount is believed to correspond to the amount of 
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catalyst used, since for this mechanism a polymerisation step can only take place 
while a nucleophilic catalyst is co-ordinated to the oligomer or polymer. 
An alternative two-step mechanism was later suggested by MUller[20j , in which C-
C bond formation precedes silyl migration. In MUller's mechanism, the 
trimethylsilyl group remains associated with the same monomer unit during 
rnonomer addition, whereas in the DuPont proposed mechanism it transfers to the 
incoming rnonomer before addition. 
2.3.2 The Dissociative Mechanism 
Quirk and Bidinger were the first to propose a dissociative mechanism for GTP in 
1989[52]. As in the associative mechanism, nucleophilic catalyst co-ordinates with 
the initiator to form a pentacoordinate silicon species (34). 
Nu 
I" I 
• SI'''''' \)lM' ~I O· +MMA MeO I 0 ~ Me3SI-Nu +Meo~ Meo~ 4 ,. 
(34) (38) (39) (40) 
This dissociates in a reversible reaction to form a trialkylsilyl-catalyst complex 
(38) and an enolate ion (39), which then undergoes polymerisation in a similar 
fashion to anionic polymerisation. Notice that the actual polymerisation step does 
not involve silicon at all. This mechanism also involves an activity exchange 
reaction, in the form of a rapid reversible complexation of enolate intermediates 
with a silyl ketene acetal chain-end functionality of either a dormant polymer or 
initiator species. This means that effectively chains swap their activity, e.g., active 
polymer (42) loses its activity to dormant polymer (41), to become dormant 
polymer (44). Dormant polymer (41) can have m monomer units attached, so in the 
initial stages of the reaction, it will have zero units, i.e. an initiator molecule swaps 
activity. This initial exchange of activity with an active chain will produce dormant 
polymer with 'n' monomer units which can then undergo activity exchange. 
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A second dissociative activity exchange mechanism has been proposed in which 
the silylated catalyst (38) complexes with an enolate to form the pentacoordinate 
silicon polymer (see figure 2.3.2.a). 
+ 
. 
.. 
Figure 2.3.2.a - Resilylation ofenolate polymer ions. 
2.3.3 The Chuit et al Dissociative Mechanism 
This mechanism was proposed in 1988 by Chuit et a1 [35) but has had little support 
since. As before, the initiator (4) co-ordinates with the catalyst nucleophile to form 
the pentacoordinate silicon intermediate (34). At this point one of two competing 
processes may occur depending on the catalyst anion. 
(i) For tetraalkylammonium catalyst cations and larger cations Chuit et a1 suggest 
that a "naked fluoride anion" could attack the pentacoordinate silicon atom (34) to 
give free enolate (39) and a trialkylsilyl-bifluoride anion via a hexa-co-ordinate 
intermediate ( 45). 
Nu' 
, 
(34) 
Nu 
1',,1 ,;. SI' ~I 'NU 
° MeoAy 
(45) (39) 
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The mechanism then follows the same path as the initially proposed dissociative 
mechanism, whereby enolate reacts with monomer to form polymer and so on. 
(ii) With less reactive catalysts such as CsF and KF, Chuit et aI suggest that the 
reactivity of the fluoride anion is insufficient to displace the enolate ion via an 
intermediate such as (45). They say it is more likely that it takes place via an 
intermediate such as (35), i.e., the associative mechanism. 
In essence Chuit et ai's proposed mechanism is a competition between the 
associative and a modified dissociative mechanism depending on the reactivity of 
the catalyst. 
2.3.4 Associative/ Dissociative 
Since its invention, the mechanism for the GTP process has been hotly disputed, 
and essentially, researchers seem to be split between those who support an 
associative mechanism, and those who support a dissociative one. Below is an 
account of mechanistic evidence for GTP presented chronologically. 
As previously mentioned, Du Pont's first report and patent on GTP in 1983 
proposed the associative mechanism. Webster et aI went on to demonstrate the 
living nature of the polymerisation by storing polymer at room temperature for 
several days, then continuing polymerisation[l81. Sogah and Farnbam published 
further work to support the associative mechanism in 1985[63,641, by isolating and 
characterising reaction intermediates which contained sHyl end groups. Their silyl 
fluoride labelling studies excluded the reversible dissociative mechanism, and 
double labelling studies showed that, for a mixture of two different living alkyl 
methacrylate oligomer initiators used to polymerise butyl methacrylate, the 
resulting block copolymers had retained their original silicon groups. The authors 
noted that this supported the associative mechanism, but admitted that it did not 
rule out a dissociative mechanism. Model studies also showed evidence for 
pentacoordinate species[63), however, since both mechanisms involve 
pentacoordinate species this has little bearing on the debate. 
Muller and Stickler's studies on tacticity of GTP polymers in 1986 suggested that a 
transition state which involved co-ordination of the monomer with a silicon atom 
was unlikely [130). 
Mai and Muller's work in 1987 presented evidence to support the associative 
mechanism by showing that the activation energies for GTP of MMA were similar 
to those for anionic polymerisation of MMA [20,23,142). In 1988 Chuit, Corriu, and 
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Reye agreed with DuPont theories regarding the involvement of a hypervalent 
silicon species in the mechanism, but suggested that an enolate mechanism was 
more consistent with accepted concepts in organic chemistry[35]. They proposed 
that two competing mechanisms were occurring, both involving the 
pentacoordinate silicon intermediates (see section 2.3.3). 
Brittain and Dicker, working for Du Pont, published a paper on termination in GIP 
in 1989 which showed the major cause of termination was cyclisation of the 
oligomer, a process analogous to backbiting; a process also seen in anionic 
polymerisation of methacrylates[5]. Although this pointed towards a dissociative 
mechanism similar to that of anionic polymerisation, Brittain did not acknowledge 
this. In the same year, Quirk and Bidinger proposed a new dissociative mechanism 
which involved enolate anion intermediates[52]. They created a fluoride-containing 
enolate similar to what they believed was an intermediate in GTP and reacted it 
with MMA to give a 14% yield of polymer. They also cited Brittain's paper on 
termination[5] as further evidence to their mechanism. While this evidence 
suggests involvement of enolates, it does not disprove the associative mechanism. 
Doherty and Muller also published a paper in 1989[24] which claimed the 
associative mechanism was now undisputed, citing Sogah et aI's paper from 
1987[16] as evidence. 
In 1990, MUller compared GTP to anionic polymerisation, presenting a 
comparison of corresponding data using kinetics of homo- and copolymerisation, 
polymer microstructure and molecular weight distribution[lll. MUller said that for 
bifluoride-catalysed GTP, a dissociative mechanism could be ruled out, and that 
the kinetics and tacticity data indicate that the monomer addition step of GTP is 
similar to that of anionic polymerisation [163]. 
Matyjaszewski et al also looked at tacticity of polymers prepared by GTP in 
1990[193] and found that polymers formed from silanes with bulky substituents 
were predominantly syndiotactic. This evidence supports a two step dissociative 
mechanism because steric hindrance of bulky silyl groups would cause an increase 
in the proportion of isotactic triads in an associative propagation step. 
In the following year, Jenkins[I54] drew attention to work performed by Lochmann 
et al[38, 99], which showed that enolate ions are initiators of MMA polymerisations 
bearing similarity to GTP at room temperature. Jenkins followed this paper in 1992 
with a study of enolate-initiated dispersion polymerisation[l321. In this paper he 
referred to DuPont's naming of "group transfer polymerisation" as "unfortunate" 
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and claimed GTP was now recognised as merely a type of anionic polymerisation, 
referring to his own discussion paper of 1991 [154] as evidence. 
Webster's paper in 1992 addressed this discussion by comparing GTP and anionic 
polymerisation [112], as well as considering many other recently developed living 
polymerisations. Webster's approach to the conflicting arguments was to suggest 
that the GTP mechanism must be different for different catalysts; mild 
nucleophiles catalyse associative GTP whereas strong nUcleophiles catalyse 
dissociative GTP. This seemed a likely possibility given the opposing evidence 
presented and the variety of conditions used in mechanistic studies. 
Quirk and Ren also published a paper in 1992 on their mechanistic studies of 
OTP[41]. They presented evidence for silyl group exchange by mixing living 
trimethylsilyl-ended PMMA with phenyldimethylsilyl-ended PMMA in the 
presence of a bifluoride catalyst, and analysing the resulting polymers by IH NMR 
spectroscopy. They observed some silyl group exchange, consistent with enolate 
intermediates as a propagating species. 
1993 saw a symposium at which four papers on GTP were presented. First was 
another overview of evidence with respect to the mechanism of GTP, presented 
this time by Bywater[I05], who on the whole seemed to favour a mechanism 
involving enolate anions. This was followed by a further paper on Quirk et aI's 
mechanistic studies[77], reviewing evidence for enolate involvement and reiterating 
their silyl group exchange studies. Webster's paper again tried to find a common 
ground for all the arguments, suggesting the mechanism depends on catalyst, 
temperature, pressure and monomer used [155]. Brittain and Dicker presented 
another paper on termination processes in GTP[6], this time recognising that 
cyclisation suggested involvement of ester enolate intermediates. 
In 1994, MUller published a paper in which he tried to discriminate between the 
various GTP mechanisms thus far proposed by means of elucidating the reaction 
kinetics[SO]. MUller concluded that bifluoride-catalysed kinetic data for GTP could 
easily fit all three mechanisms proposed, while data for benzoate-, HgI2-, and 
trimethylsilyl iodide-catalysed GTP are only consistent with the associative 
mechanism. 
Warmkessel et al's work in 1995 studied the counterion effects in anionic 
polymerisation and they concluded that the catalyst counterion plays an important 
role in the GTP mechanism [76]. They also looked at tacticity of polymers of MMA 
made using three different catalysts, each with different counterions. The tacticity 
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of the resulting polymer was found to be independent of whether MTS was used to 
initiate the polymerisation or not, consistent with an enolate ester mechanism. 
One area of research which has not been discussed in terms of solving the 
mechanism question is that of group transfer alternating copolymerisation (GTAC) 
(see section 2.1.5.2). Kobayashi and Kadokawa successfully copolymerised (9) 
and (10) to produce an alternating copolymer without any addition of catalyst[125]. 
If their experiments did involve transfer of a silyl group as they suggest, then a 
catalyst is not essential for GTP as was also shown by Sogah et al in 1990 in their 
work on GTP at high pressure [27] . Sogah et al stated the fact that GTP occurs 
uncatalysed at high pressure was consistent with a transition state involving 
organisation of reagents, thus opposing the dissociative mechanism[27, 1461. 
However, looking at the associative mechanism, the catalyst plays an important 
role, suggesting that this mechanism is not possible without catalyst. These cases 
of uncatalysed GTP support Webster's theory that GTP is occurring by any of a 
number of mechanisms, depending on the conditions used. 
Zhuang and Muller then looked at GTP of butyl acrylate once more using mercuric 
iodide as a catalyst in both toluene and methylene chloride [202, 2031. They 
proposed a complex involving HgI2' trimethylsilyl iodide, and MTS was the 
initiator of polymerisation in this case. Muller et aI then began a series of papers 
aimed at deriving expressions for molecular weight averages for mechanisms 
involving what they termed "Slow Equilibria,,[73, 199,201,217,218,224,228,237]. In 
this category they included GTP, and categorically stated that the puzzle 
surrounding the GTP mechanism could not be solved by kinetic measurements [731. 
Fourteen years after its invention, despite the claims of various parties, the 
question of mechanism is no closer to being solved. The debate has in fact been 
further complicated, by the amount of work done on the subject and the varying 
conditions and methods used. In light of all this conflicting evidence, Webster's 
proposition that the GTP mechanism depends on the catalyst used is an attractive 
concept, although current knowledge on which catalysts induce which mechanism 
is not conclusive. 
2.3.5 Termination 
A truly living polymerisation is regarded as one which does not suffer from 
termination, and under the right conditions GTP can be conducted without a 
significant amount of termination. However, an understanding of the termination 
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reactions seen in GTP is important, since it has some bearing on the mechanism, 
and contributes to our general understanding of the process. 
The only extensive work done in this area is by Brittain and Dicker[5, 6, 1331. Their 
work involved using a stopped-flow Ff-IR (Fourier Transform Infra Red) 
spectroscope, and revealed that the major termination pathway in GTP was a 
process also seen in anionic polymerisation, known as backbiting. This back-biting 
is a process of self-termination caused by an intramolecular nUcleophilic attack by 
the silyl ketene acetal end group on a backbone ester and results in cyclisation at 
the monomer chain end[5]. Brittain and Dicker also discovered a third possible 
termination process for GTP (the second being simple addition of impurities or 
methanol to the polymerisation medium which causes hydrolysis of the chain 
ends) [6) . In this termination reaction, the silyl ketene acetal isomerises, the 
trimethyl silyl group migrating from the oxygen to the a-carbon of the chain end 
(see figure 2.3.5.a). 
MeOZ<;: 
-
MeOz<;: MeO Me02 
--PMMA: PMMA: 
Figure 2.3.5.a - Termination in GTP by isomerisation at the chain end. 
This is regarded as a termination reaction because C-silyl compounds are not 
effective GTP initiators[l6). This work also showed that cyclisation is much faster 
for bifluoride-catalysed GTP than for GTP using bibenzoate as a catalyst[1331. 
Termination caused by impurities and moisture must be carefully addressed when 
conducting GTP reactions as it is believed protic impurities attack the 
hydrolytically unstable initiator and oligomers containing the silyl activity. It has 
also been found that the termination rate tends to increase as temperature is 
increased[5, 61. This is as a result of increased cyclisation and side reactions. 
2.3.6 Chain Transfer 
This is another property often associated with non-living polymerisations, and 
normally it does not occur in GTP, but it can be intentionally invoked in a GTP 
reaction by using a chain transfer agent. This may be necessary to reduce the 
molecular weight of polymers produced or introduce functional groups. Chain 
transfer agents can also be used to reduce the concentration of silicon initiator 
required to achieve a given molecular weight distribution, thereby reducing the 
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cost of reagents used (silicon initiators are expensive in comparison with chain 
transfer agents). However, this results in a longer polymerisation time and a lower 
molecular weight distribution. 
)=<0 Me PMMA - OSIMe3 + 
(46) (47) 
'-COOMe+ 
PMMA.../\ 
(48) (49) 
Chain transfer agents are moderate carbon acids (47) which are silylated by the 
silyl k\ltene acetal of a living polymer chain (46) in the presence of a nucleophilic 
catalyst to give a new silicon compound (49) which is capable of initiating GTP in 
the usual way [10, IS, 93, 1791. 
Methyl aryl acetates and arylacetonitriles are believed to be some of the best chain 
transfer agents[1791, and generally carbon acids with pKa values (in DMSO) in the 
range 18 to 25 are successful chain transfer agents. 
2.3.7 Kinetics 
The study of GTP kinetics is often closely allied to mechanistic studies, since 
kinetic data can give some clues in this area. Mai and Muller first looked at GTP 
kinetics in 1987 hoping to gain insight into the mechanism [201. Based on the 
associative mechanism, they proposed the kinetic scheme in figure 2.3.7.a, where 
• C = catalyst, I = initiator, I = active initiator-catalyst complex, Pi = dormant 
• polymer chain of length i. Pi = active polymer chain of length n, M = monomer, 
• • KJ = equilibrium constant for activation of initiator, Kp = equilibrium constant 
for activation of polymer, ki = rate constant for initiation, and kp = rate constant for 
propagation. 
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Figure 2.3.7.a - Kinetic scheme for associative GTP. 
In most cases, an initiator with a structure similar to the monomer is chosen and 
.. *. * . * * thus I IS eqUIvalent to PI and I equivalent to PI . AssumIng KJ = Kp and kj = 
* kp, this scheme can be simplified (see Figure 2.3.7.b), where K = activity 
exchange equilibrium rate constant. 
C + PI ::;;~=====:::'~ 
Figure 2.3.7.b - Simplified kinetic scheme for GTP. 
Thus the rate of polymerisation, Rp can be written as, 
R = -d[Ml = k [Ml~ [P~ 1 = k [M][p'l 
P dt P £...' P 
1=1 
(1) 
• • For a truly living system the concentration of active polymer species, [P ] IS 
constant, and thus integration of (1) leads to 
[Mlo • In =k[Plt=k t [M] p app- (2) 
where kapp is the apparent rate constant. 
Mai and MUller investigated the reaction rates of GTP of MMA with respect to 
reagent concentrations [20. 231. They found that induction periods could be avoided 
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by using high catalyst concentrations and quoted values for kapp in the range 0.05 
to 0.47 s-1 for various conditions[20, 231. Mai and Mllller also evaluated the 
activation energy for GTP of MMA and compared this to activation energies for a 
variety of anionic polymerisations using various catalysts [231, and concluded that 
this indicated a GTP mechanism similar to anionic polymerisation [1421. 
Brittain studied the kinetics of initiation and the first two propagation steps of 
GTP[621 using stopped flow Fr -IR spectroscopy (Fourier transform infra red). He 
found that polymerisation of MMA under bifluoride catalysis was second order 
with respect to catalyst concentration, and for benzoate-catalysis the rate of 
polymerisation was first order with respect to catalyst concentration. 
Doherty and Mllller investigated the kinetics of GTP of tert-butyl methacrylate in 
1989[241, and observed deactivation of the catalyst at temperatures above -200 C. 
They proposed that catalyst was being depleted, since an apparently deactivated 
catalyst system could be revived by addition of further catalyst. They also noticed 
large induction periods at low temperatures, although this was not brought about 
by low catalyst concentration, as in previous work on GTP of MMA [201. 
Zhuang and Mllller working in 1994 on n-butyl acrylate polymerisation catalysed 
by mercuric iodide, found that induction periods depended on both catalyst and 
initiator concentrations, and proposed that this indicated formation of 
trimethylsilyl iodide which then acted as an activator[131. GTP of n-butyl acrylate 
was found to produce the same activation energy as for benzoate-catalysed GTP of 
MMA, suggesting similar mechanisms for these two reactions. In a paper in 1995, 
they proposed that the active species in this GTP reaction was a combination of 
initiator, catalyst, and trimethylsilyl iodide [2021 , and in a further paper using 
different solvents, said the rate of polymerisation is strongly dependent on the 
polarity of the solvent used [2031. 
In 1995 Mllller began a series of papers on kinetic analysis of living 
polymerisation processes[73, 199,201,217,218,224,228,237]. This work presented no 
kinetic data, rather it looked at derivations of molecular weight distribution 
moments for various mechanisms. This is discussed in more detail in section 2.4. 
2.4 Modelling GTP 
This is one area of GTP which has had little study since its invention. Despite the 
numerous papers on kinetics and mechanism, very few researchers are actually 
35 
interested in mathematical models which predict GTP results. This is perhaps a 
reflection of how little interest GTP has created as an industrial process; the 
prohibitive cost of sHyl ketene acetal initiators being the major cost barrier. 
Ray's paper in 1991 dealt with modelling of a variety of polymerisation 
techniques, including free radical, ionic, and GTP[68). This brief review did little 
more than set out the reaction steps involved in each and suggest software for 
modelling. Ivan's papers on the subject were far more enlightening[69, 70). Ivan 
wrote a simple general model which could be used to describe GTP and does not 
involve reaction intermediates. Thus it covers the possibility of all GTP 
mechanisms without implying one mechanism in particular, and is a reasonable 
generalisation until the GTP mechanism can be clearly defined. 
Ray's and Ivan's papers dealt with modelling the reaction kinetics of GTP, but 
made no mention of prediction of the molecular weight of polymers produced by 
GTP. This has been covered by MUller et al in their series of papers on kinetic 
I , f I' , I " [73 199 201 217 218 237] M"II ana YSlS 0 lvmg po ymensahon processes . . . • • . u er 
derived the following equations for GTP to calculate discrete values of number 
average and weight average molecular weight distributions[73): 
M. '" ( rx p ) * MW l-(l-a)(l-x) . (3) 
M =(1+rl2+ (2-Xxl-mj_ 2ar(1-a) *[l-(1-X)(I+Plal])* MW (4) 
W 13 - a (13 2 - ( 2 )x 
• 
where x = conversion, a = [P ]/[1]0, B = kexikp, 'Y = [M]oI[1]o, [1]0 = initial initiator 
concentration, MW = molecular weight of the monomer, and kex = exchange 
coefficient for equilibrium between dormant and active polymer species, Since the 
values of a and 13 can not be calculated, nor can they be estimated from 
experimental results of a GTP reaction, these values are estimated and the model 
equations can be fitted to a given set of results. 
Equations (3) and (4) are intended for use when modelling polymerisations which 
involve degenerative transfer (i.e. a process which involves active and 'dormant' 
polymer chains which can exchange activity), which GTP is believed to involve. 
MUller et al also presented models based on the associative mechanism and the 
dissociative mechanism of GTP. 
The associative derivation yielded equation (3) and equation (5) 
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M =(I+)X+ r" l2-X-,.,( 1-(l-X)v+lJJ)*MW 
w (v-I) 1. x(v+l) (5) 
where B = k2/(kp[l]0), k2 = active - donnant polymer exchange rate coefficient, y 
• 
'" [M]oI[1]o, y* == I3la, a= [P ]/[1]0, v = l3/a. 
The dissociative derivation yielded equation (3) for Pn and equation (5) for Pw, but 
with different parameters: 
13 = (k2lkpX a + l1), 11 = [EJoI[I]o, Eo == concentration of enolate at time = 0, y = 
* [M] 01[1]0, y' = I3/a, a= [P ]/[1]0, v = I3la. 
2.5 Polymer Architecture 
Polymers in their simplest form are made as non-branched chains of repeating 
units of varying length and have predictably uniform properties in moulding and 
use. It is often the case, however, that a polymer with a specific property is 
required. This can be achieved by careful control of the polymer's architecture to 
make a tailor-made polymer, and can be done in a variety of ways. Since living 
polymerisation allows very good control of monomer addition, polymer 
architecture is a prolific area of research, and living polymerisation mechanisms 
are useful for making many kinds and shapes of polymer. A detailed account of the 
scope of polymer architecture is presented by Webster[74]. GTP is a particularly 
useful method for making polymers with novel structures, since it allows for very 
precise control of the polymerisation process. 
2.5.1 Functional Polymers 
A functional polymer is a simple polymer which contains a functional group at one 
or more points along the chain length. It has been said that GTP is the most 
convenient method for making mono-functional and telechelic methacrylate 
polymers [140, 166]. 
The simplest way to make functionalised polymers by GTP is to use an initiator 
with a functional group, resulting in a polymer with terminal functionality at the 
beginning of the chain [166]. The scope for this type of functionalisation is broad 
and it can be done using phosphorous-, sulphide-, and cyanide-containing initiators 
to name but a few[16]. For example, polymer (51) was made from a polymerisation 
of MMA using initiator (50). It has been noted that functionalisation carried out in 
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this manner often requires addition of extra catalyst, possibly due to catalyst co-
ordinating to the functional group rather than the silyl group[16]. 
Me 
(50) 
OSIMe3 
+MMA -~~ I ( }PMMA; Me(o 
OSIMe3 
(51) 
A second possible route to end-functional polymers is by reaction of living 
polymer with electrophilic reagents, for example bromine[l17], after which the 
resulting polymer can be used for further modification [173]. Quirk and Ren reacted 
living GTP polymers with methyl-2-phenylpropenoate (52i56]. The resulting end-
capped polymer allows functional groups to be introduced via substituents on the 
aromatic ring of methyl-2-phenylpropenoate. Vinylphosphonic esters can also be 
used as end-capping agents for GTP polymers, and provide a useful means for 
introduction of phosphonic ester and phosphonic acid functionality to acrylic 
polymers [92] . 
CH2 
(52) 
Difunctional polymers can be made by JOInIng two living GTP polymers 
synthesised using functional initiators [117] . This is done using a coupling agent 
which couples the living ends of the polymer chains. 
Bifunctional initiators such as (53) and (54) have been used to introduce 
functionality to GTP polymers[176, 248]. These initiators are useful for making A-
B-A triblock polymers (see section 2.5.3). 
(53) (54) 
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Using (55) and (56) Gomez and Neidlinger introduced ultraviolet stabilisers into 
GTP prepared PMMA by copolymerisation [911. 
(55) (56) 
More recently, Bandermann et al have successfully used vinylphenyloxy- and 
allyloxy-substituted silyl ketene acetals «57) and (58) respectively) as functional 
initiators for GTP of butyl acrylate[721. 
>=<o-{ }CH=CH2 
OSI(CH3h 
(57) 
H2C=CH-CH2-0~OCH3 
OSI(CH3h 
(58) 
Polymers constructed from these initiators can be used to make graft copolymers 
(see section 2.5.4) possibly using an alternative polymerisation method such as 
free radical polymerisation[1411. 
One of the most novel functionalisations reported is that of GTP on a polymeric 
support[541, although this is not strictly speaking a chemical functionalisation. 
Support 
(59) 
support~oC~"" 
(60) 
+ MMA ,. 
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Hertler et al bonded silyl ketene acetals to polystyrene beads to make (59) and used 
these to initiate GTP of MMA suspended in tetrahydrofuran to make graft 
polymers (60). These supported initiators also allow initiation of gas phase 
monomers[27, 541 and could be a very important step towards a continuous or semi-
continuous polymerisation process. 
2.5.2 Random Copolymers 
Random copolymers, often also called statistical copolymers, result from 
polymerising a mixture of two or more monomers, in which case monomer 
addition is random, resulting in a similarly random sequence of monomer units. In 
GTP it has been suggested that it is only possible to make random polymers from 
monomers from the same family. This is because addition of the next monomer 
unit depends largely on its reactivity[1l4, 139, 2251 and thus a mixture containing 
monomers with widely differing reactivities will result in block copolymers. 
Sogah et al reported random copolymers consisting of MMA and butyl 
methacrylate as well as a random terpolymer of MMA, butyl methacrylate, and 
glycidyl methacrylate, but found that a mixture of ethyl acrylate and MMA would 
result in a polymer that was predominantly acrylate due to their disparate 
reactivities [161. 
In another example, Epple and Schneider prepared two new acrylate monomers 
(61) and (62), and copolymerised them with methyl acrylate and ethyl acrylate to 
make random copolymers [601. 
OSIMe3 
(61) (62) 
More recently however, random copolymers which contain MMA and methyl 
acrylate have been synthesised using a bibenzoate catalyst [222, 2491. 
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2.5.3 Block Copolymers 
These polymers consist of blocks of two or more monomers and are relatively 
easily made by GTP since the polymer chains are living, and subsequent 
monomers can be added when the last has been depleted. Many examples of block 
copolymers via GTP have been reported [45, 78, 135, 136, 158, 214], and some of the 
more significant examples are mentioned here. This offers considerable advantages 
over anionic polymerisation, where only monomers with higher reactivity can be 
added to a living polymerisation to form the next block of polymer. 
It is possible to make block copolymers with monomers of different families. 
Masar and co-workers made PMMA-poly(tert-butyl acrylate)[I56] and PMMA-
poly(ethyl acrylate) block copolymers[l60, 205], combinations previously thought 
impossible by GTP[65]. Sogah et al similarly made the A-B-A block copolymer 
PMMA-poly(caprolactone)-PMMA by converting both ends of a 
poly(caprolactone) polymer into GTP initiators by addition of trimethylsilyl 
cyanide followed by addition of MMA [16]. 
To make A-B-A triblock copolymers Yu and co-workers used a difunctional 
initiator[84]. Initiator (53) is first used to polymerise MMA to give (63), and when 
all MMA is depleted the second monomer, butyl methacrylate, can be added to 
yield (64). 
Me3SI) ~ • ,>=(OSIMe3 
MeO PMMAYn OMe 
n 
(63) 
(64) 
Many researchers have used a combination of GTP and other polymerisation 
methods to produce copolymers with novel combinations, a process often known 
as transformation. Eastmond and Grigor first functionalised PMMA by terminating 
a reaction with bromine, then used this as an initiator for free radical 
polymerisation of styrene, resulting in a block of narrow molecular weight 
distribution PMMA followed by a block of broad molecular weight distribution 
poly(styrene)[I73]. Hovestadt et al used a similar method to make PMMA-block-
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poly(2,2-dimethyltrimethylene carbonate)[204, 2521. They transformed the living 
end of a GTP polymer into an anionic species by desilylating with a fluoride, 
followed by anionic polymerisation of the carbonate monomer. 
Hellstem et al also used a transformation reaction to make poly(dimethylsiIoxane)-
block-PMMA [197]. The first block was polymerised by anionic ring-opening 
polymerisation, and the second by GTP after capping the chain ends with a 
chlorosilane derivative of allyl methacrylate to give silyl ketene acetal moiety. 
Verma et al used a combination of GTP and living cationic polymerisation to make 
diblock polymers of PMMA and poly(butyl vinyl ethed2531. 
Taklics and Faust used a slightly different approach to make poly(isobutylene)-
block-PMMA copolymer[I94I . They made poly(isobutylene) by carbocationic 
polymerisation, and PMMA by GTP and then coupled the two living polymers. 
2.5.4 Graft or Comb Polymers 
Graft polymers are made from a copolymerisation of macromonomers, and are 
sometimes termed comb polymers because of their molecular shape. The 
macromonomers are made either by making a polymer backbone consisting of 
monomers with a functional group which can subsequently be used in 
polymerisation, or by using a specialised initiator such as (65) or (66)[321 to make a 
macromonomer which is then polymerised[55, 157, 1611. 
OMe 
(65) 
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Witkowski and Bandermann used (65) and (66) as initiators for GTP of MMA [321. 
The macromonomers formed from this polymerisation were then polymerised 
with styrene by free radical polymerisation to form a graft polymer. Asarni and co-
workers performed a similar reaction, making a vinyl benzene PMMA 
macromonomer which was then copolymerised with MMA or styrene by free 
radical polymerisation [55, 2131. 
DeSimone et al synthesised PMMA macromonomers by GTP and then anionically 
copolymerised them with MMA to give PMMA-graft-PMMA polymers[2511, and 
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Radke and Muller repeated the process using free radical polymerisation as the 
final copolymerisation step[2501. Heitz and Webster synthesised PMMA 
macromonomers with phenolic functionality by GTP, then used them in a 
polycondensation reaction to make a polyester chain with PMMA side chains [178]. 
Jenkins et al prepared a backbone random copolymer of styrene and 2-
(isobutyryloxy)ethyl methacrylate (67) which was treated with lithium di-
isopropylamide and chlorotrimethylsilane to produce a backbone with pendant 
silyl ketene acetal groups which would then undergo GTP of MMA [1721. 
(67) 
2.5.5 Star Polymers 
Again the name describes the shape of these polymers, since polymer chains 
branch from a common core. Fonnation of star polymers by GTP is very simply 
done by making a multi-functional initiator so that each arm originates from a silyl 
ketene acetal source at the core, resulting in a non-cross-linked star. Star polymers 
are often used for toughening plastics and coatings [28, 46,1411. 
The simplest star polymers are three-armed, for example Sogah et al formed a star 
polymer with three arms from trimethylpropane triacylate (68), MTS and ethyl 
acrylate[16, 2411. More complicated star polymers can be made by use of 
polyfunctional initiators, although their formation is complicated. An alternative is 
to make multi-armed star polymers by addition of a difunctional methacrylate to a 
living polymer, e.g. ethylene glycol dimethacrylate (69), which Spinelli and 
Simms used for their novel arms-first process [28,87,236,2541. 
(68) (69) 
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2.5.6 Ladder Polymers 
Careful design of initiator can provide a means for making ladder polymers, e.g. 
initiator (70) when used to start a GTP of monomer (71) yields the ladder polymer 
(72)[241), where Y is CH2 and x is in the range 4 to 7. 
X oX 
Mea 0, "Me 12 
,..SI, (Y)x 1 Me'X0 Me 02CX 
(70) (71) 
The Y component is known as the 'rung' of the ladder structure and must be longer 
than four units to permit ladder formation [27] • 
2.6 Polymer Stereochemistry 
I 
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(72) 
Tacticity describes the stereo-arrangement of monomer units in the polymer chain. 
For any monomer unit in a chain there are two possible configurations which can 
result from addition. In the case of MMA, for example, the substituent group 
Me02C and methyl group may arrange to form either (73) or (74) through 
addition. 
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Thus a polymer chain can be described by the arrangement of substituents within 
it. Polymer chains whose substituents are all on the same side are said to be 
isotactic, while those whose substituents alternate from one to the next are 
syndiotactic and chains which have a completely random stereochemistry are 
atactic. An incoming monomer can attack from the upper side leading to an 
isotactic placement or from the lower side giving a syndiotactic positioning[l641. 
Bandermann and Speikamp found that PMMA made by GTP was predominantly 
(58%) syndiotactic[121, as did Kreuder and Webster[1741. MUller's studies on 
tacticity showed that for GTP of MMA, as reaction temperature increases, the 
resulting polymer chains are less syndiotactic[1301. He also concluded that GTP 
followed a similar stereo-polymerisation to free radical polymerisation, in that the 
end monomer unit on a polymer chain controls the next addition step. This was 
supported by work done by Banerjee and Hogen-Esch [75, 85, 2601. MUller also 
proposed that the lower stereo-regularity of GTP polymers compared to free 
radical polymers and their similarity to anionic polymers conflicted with the 
associative mechanism proposed by the Du Pont group (see section 2.3.1) and that 
a silicon containing intermediate was unlikely. 
In 1988, Brittain tested his theory that FlZ isomerisation of silyl ketene acetal 
initiators (see section 2.2.1) may play an important role in polymer tacticity[l711. 
Using a mercuric iodide catalyst he found that E- and Z-isomers reacted with 
MMA at the same rate, consistent with the atactic polymers formed and 
contradicting any theory of connection between tacticity and initiator 
isomerisation [591. 
Reetz and co-workers suggested that the lack of pronounced degrees of tacticity of 
GTP polymers was one of its limitations and set out to rectify the situation with the 
use of metal-free initiators[901. 
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2.7 Al!l!lications and Uses 
Due to its transparency, outstanding clarity, light transmittance, impact resistance, 
dimensional stability, chemical and light stability, weather resistance, ageing 
resistance and many other properties, PMMA is a technically important 
thermoplastic material [2041. 
Free radical polymerisation is still the most popular choice of method for preparing 
PMMA. Although GTP offers a greater control over final molecular weight and is 
useful for control of polymer architecture, it still has one major disadvantage; the 
initiators used in GTP are expensive and efforts at using chain transfer agents to 
reduce the amount of initiator do not as yet make the process a viable industrial 
alternative to free radical polymerisation[226]. 
Also, since the exotherm at the start of a reaction is relatively high and rapid, bulk 
polymerisation using GTP presents many problems when performed in pilot plant 
scale reactors or larger. Pickering and Thorne have filed a patent for moderating 
the rate of polymerisation by adding relatively low concentration of acetonitrile 
(0.1 - 10 % by weight monomer) to enable bulk polymerisation at reasonable 
temperature[2091. However, conversion and molecular weight are not as normally 
experienced, no doubt due to side reactions caused by acetonitrile. 
The most useful areas of GTP are in speciality polymers where a well-defined 
architecture and/or molecular weight are required. 
GTP polymers with controlled structures give improvements in coating and film 
properties when used in finishes [281. Block polymer dispersing agents made by 
GTP by DuPont, are used in pigments and have been produced commercially as far 
back as 1991 [29,102,138, 2261. Anton and Spinelli have filed patents which describe 
the use of GTP star polymers in hydrogel and rigid gas permeable lenses [227]. 
These polymers give the high oxygen transmissibility required in such lenses 
without a trade-off in properties. Star polymers are also useful for toughening 
plastics and coatings[1381. 
Sogah prepared polymers with controlled molecular weight suitable for drug 
delivery systems, i.e. biologically active molecules such as (75) have been 
incorporated into PMMA [891. 
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Danis and co-workers used GTP made poly(butyl methacrylate) polymers as 
standards for accurate information on molecular weight and composition[I87]. 
Other potential areas such as high-performance automotive finishes, silicon chips, 
and optical fibre coatings have been identified [81, 100]. 
Although these specialist areas are currently few, the list will continue to grow 
with our understanding of the GTP process and the prospect of large scale GTP 
does not seem so far away as perhaps it did five years ago [100]. 
2.8 Precis 
This summary is intended as a brief explanation of the more important aspects of 
OTP and their implications. 
It is not unreasonable to conclude from evidence presented by other researchers 
that GTP is a living polymerisation mechanism with no inherent chain transfer. 
though a small yet negligible amount of termination does occur. Of the monomers 
which will undergo GTP, the methacrylate and acrylate families of monomers are 
well documented. Copolymers are qnite simply made by addition of alternative 
monomer after depletion of another, although mixtures of monomers with different 
reactivities will result in block copolymers, so monomer reactivity is an important 
issue when making copolymers by GTP. 
GTP is a very adaptive polymerisation mechanism, since judicious selection of 
catalyst and initiator allows production of polymers with a variety of properties in 
a wide range of conditions. Of the conditions under which GTP is perfonned 
though, it must be noted that water and impurities must be stringently avoided to 
allow a polymerisation of a living nature which will produce polymer in good yield 
with a narrow molecular weight distribution. 
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Of the factors as yet not resolved for GTP, the most significant is undoubtedly that 
of its mechanism. Three mechanisms have been suggested since its discovery in 
1983, and although some researchers have claimed overwhelming evidence in 
favour of a particular mechanism, most often their theories only hold true for one 
or at best two types of catalyst. Tacticity data points towards a mechanism similar 
to anionic polymerisation, involving enolate anions, while kinetic data for certain 
catalysts proposes only an associative mechanism to be possible. The most 
sensible suggestion to date is that ofWebster who theorised that the mechanism by 
which GTP works depends to a great deal on the reagents used, most significantly 
the catalyst. 
There is still much work to be done to elucidate fully the mechanism of GTP and it 
is likely that this will require some very innovative analysis techniques. 
One other question which remains to be answered is whether or not GTP is a 
viable alternative to traditional methods of industrial polymerisation of 
methacrylate and acrylate monomers. This question hinges largely on the cost of 
the initiators used and to some extent the very exothermic nature of the reaction in 
bulk. It is quite possible that in time and with more interest and thus use, costs of 
reagents may decrease. The use of models may allow prediction of suitable 
conditions under which rapid temperature increases can be controlled. 
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3 Aims 
The field of group transfer polymerisation is a relatively new one, having been 
identified by workers at Du Pont in 1983. To date, research on GTP has been done 
mainly by commercial institutions. Much of this work has been published, despite 
the potential for exploitation of a new polymerisation whose properties are unlike 
those previously used, and the obvious advantages of keeping such useful 
information quiet. Thus, since its discovery, the overall knowledge of GTP in the 
scientific community has been increased a great deal. The major aim of this 
research is to further that public knowledge with the hope that it can be as fully 
understood as many commercial polymerisation processes used today appear to be. 
In the interests of furthering knowledge in this subject area, it was noted that one 
of the areas of GTP with some work still to be done is the mathematical modelling 
of the reaction kinetics of GTP. The aim of this research is to further work in this 
area, thereby paving the way for future modelling of GTP. 
The intention of this study is to write a usable model for a laboratory scale group 
transfer polymerisation of methyl methacrylate using a particular system of 
reagents, namely [(1-methoxy-2-methyl-l-propenyl)oxy jtrimethylsilane as initiator 
(that which is necessary to start polymerisation, and becomes part of the polymer) 
and tetrabutylammonium benzoate as catalyst (which controls the speed of the 
reaction). A laboratory scale is obviously the best place to begin a study of this 
nature, since very little has been documented on the modelling of group transfer 
polymerisation of MMA specifically. Thus it is the aim of this work to model a 
laboratory scale polymerisation, in the hope that this will provide a guide to 
scaling up of GTP to pilot, and subsequently full-scale polymerisation of MMA by 
GTP. 
The reason for wishing to construct a model is quite simply to predict the end 
conditions of a polymerisation given the start conditions. With such a tool it is 
possible to estimate ideal starting conditions for a particular desired outcome 
without even stepping into the laboratory. The ability to foresee the result of a 
. 
polymerisation also allows the modeller to assess the feasibility of a 
polymerisation without having to use what can amount to expensive reagents, 
particularly if performed on pilot or full scale. Thus a reliable model can save 
researchers both time and money. 
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Specifically, the aim of this work is to perform sufficient kinetic experimental 
work (by GTP of MMA using the aforementioned reagents) to allow a model to be 
written which can then be used in future studies, as an aid to experimental research 
or scale-up of isothermal GTP. 
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4 Approach 
The purpose of this section is to highlight the manner in which the research has 
been done and the reasoning behind any procedures used. 
4.1 Solvent 
It was decided to study GTP kinetics by performing polymerisations as a solution 
polymerisation of 10% MMA in a solvent. This allows good mixing of all reagents 
throughout the polymerisation. Bulk polymerisation of MMA by GTP occurs so 
rapidly that solid polymer is formed within seconds of addition of catalyst. In such 
a polymerisation, incomplete conversion of monomer would be expected, as well 
as polymer with a broad molecular weight distribution, since the solid polymer 
would prevent adequate mixing. Use of a solvent to dilute the polymer mixture 
avoids this problem by maintaining a low viscosity. Concentration of monomer is 
also important. 20% MMA solution polymerisation experiments were attempted 
(see Table A.1.a), however, at high conversion the increased viscosity of the 
solution caused problems in sampling and results could not be trusted for fear of 
residual polymer remaining in syringes. A further advantage of using a solvent to 
dilute the polymerisation is in the better temperature control it affords. Heat is 
much more easily dissipated from a solution polymerisation, and thus the rapid 
increase in temperature associated with most bulk group transfer polymerisations 
of MMA is avoided. Thus solution polymerisation allows easy control of the 
reaction temperature, a very important factor when studying reaction kinetics. 
The solvent used in these studies was tetrahydrofuran. Tetrahydrofuran will not 
polymerise in the conditions used in GTP experiments, and both MMA and 
PMMA are miscible in tetrahydrofuran. There are many other solvents which 
could be used, including acetonitrile, chlorobenzene, toluene, 1,2-
dimethyoxyethane, N,N-dimethylformamide, dichloromethane, 1,2-dichloroethane, 
glycol dimethyl ether, propylene carbonate, and methyl pivalate (see section 2.2.4). 
Acetonitrile has been associated with considerable problems when used for kinetic 
studies of GTP, and is believed to react with silyl ketene acetals causing 
termination of polymer chains (see section 2.2.4). Thus it was deemed unsuitable 
as a solvent for use in experiments performed within the scope of this work. A 
range of solvents were tested for their suitability as a solvent in experiments 
GANla to GANle (see section 6.6). These were chlorobenzene, toluene, 
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dimethyoxyethane, N,N-dimethylformamide, and tetrahydrofuran. The 
experiments in which tetrahydrofuran, chlorobenzene and dimethoxyethane were 
used resulted in good conversion of monomer, the tetrahydrofuran trial being the 
best result at almost complete conversion. In the light of these results, documented 
work on GTP in which tetrahydrofuran is used as a solvent most frequently, and 
recommendations from workers at ICI Acrylics, it was decided that 
tetrahydrofuran was the best solvent to use in these studies. 
4.2 Monoruer 
Of all the monomers able to undergo polymerisation by GTP, methacrylates and 
acrylates are the most thoroughly documented, and the methacrylates are 
frequently cited as the best monomers to use for mechanistic and kinetic studies 
(see section 2.2.5). It was decided to use the simplest of the methacrylates, methyl 
methacrylate, for these studies since it is the most extensively documented 
monomer used in GTP research and will not cause any slowing of the 
polymerisation rate which is often associated with monomers containing bulky 
ester groups. The use of a well documented monomer allows compari son of results 
to those previously published and thus can provide a means for further support to 
any results or theories proposed. 
4.3 Initiator 
The simplest and most commonly used initiator for GTP of MMA is [(1-methoxy-
2-methyl-l-propenyl)oxy]trimethylsilane (MTS). Initiators with substituents on the 
silicon atom can cause a broadening of the molecular weight distribution as well as 
slowing the polymerisation rate (see section 2.2.1). In addition, since this research 
is relevant to industrial applications of GTP, it is important to consider the cost of 
reagents. The initiator is the most expensive reagent used in the GTP process, and 
of initiators used, MTS is the most frequently documented and one of the cheapest 
available. There is also much to be said for using the simplest and best understood 
reagents when writing a model, since from a model of the simplest set up it is 
possible to predict what might occur if, for ex.ample, an initiator with a functional 
group is used, whereas a model based on a functionalised initiator system would 
not be so adaptable. 
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4.4 Catalyst 
The most commonly used catalysts in GTP of MMA are fluorides, bifluorides and 
oxyanions. Oxyanions are particularly useful for studying reaction kinetics of 
polymerisation, because polymerisations performed using them tend to be slower, 
and thus allow better control of temperature, as the exotherm experienced is less 
pronounced and the reaction temperature easier to control. Ruoride- and 
bifluoride-catalysed polymerisations tend to be faster than oxyanion-catalysed 
polymerisations resulting in a more pronounced exotherm which can make 
temperature control difficult. Thus it was decided to use an oxyanion catalyst, 
specifically tetrabutylammonium benzoate (TBAB), which is readily available 
from Ruka. Of the oxyanions documented to catalyse GTP, TBAB is one of the 
less active catalysts in that TBAB-catalysed polymerisations are slower than for 
most other oxyanion catalysts. This again allows easier control of the temperature 
in the reaction vessel, especially important for reactions whose conditions favour 
fast reaction rates, i.e. high temperature, high concentration of catalyst, etc. 
The catalyst is supplied as a powder and generally only a small amount (less than 
0.02 g) is required to catalyse GTP of MMA. Obviously such a small amount can 
not be added quantitatively in a normal laboratory, especially when air free 
conditions are necessary. The catalyst is however, soluble in the monomer, and 
will not catalyse GTP unless initiator is present. Therefore it was decided that a 
0.05 molar solution of catalyst in MMA would be most suitable, thus allowing 
addition of small amounts of catalyst while maintaining an air-free atmosphere for 
the catalyst (see section 5.1 for full experimental work up of catalyst solution). 
4.5 Choice of Reactor 
It was decided that a 100 m1 reaction vessel holding approximately 50 m1 of 
reacting medium in total would be ample for the purposes of monitoring the 
conversion and molecular weight of the polymerisation. This volume of reactor 
allows relatively easy temperature control since the reactor can be submersed in a 
laboratory water bath for cooling. The reaction medium volume is such that ten 3 
ml samples can be taken from the reactor for analysis and still enough medium will 
remain to allow adequate mixing. It is possible to use larger reaction volumes for 
the purposes of the research, however, this would cause difficulties when trying to 
maintain the reaction temperature of faster reactions, e.g., at high catalyst 
concentration. Also, since laboratory fume cupboard space is limited, and all stills 
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and drying columns must be kept in a fume cupboard, the use of larger volumes of 
reagents is restricted by the size of the apparatus. 
The order of addition of reagents is of paramount importance when measuring the 
reaction kinetics of GTP. It must be possible to time the polymerisation accurately 
from a point where all reagents are in the reactor and are well mixed. Thus it 
would be unwise to add monomer last as the time taken to add it could not be 
neglected. Obviously those reagents used in large volumes, i.e. tetrahydrofuran and 
MMA, must be added to the reactor first, which leaves the initiator and catalyst to 
be added last. It was decided to add catalyst last and let that time be t=O since this 
is the least likely to cause localised polymerisation. Were catalyst added before 
initiator, addition of initiator might cause localised polymerisation at the point of 
addition, whereas with the catalyst this is less likely since it is a less concentrated 
solution. 
4.6 ExPerimental Approach 
To write a model for GTP of MMA for the conditions outlined previously, it is 
necessary to decide which experiments must be perfonned to give the correct data 
for a model. To this end, it is important to consider what the user of such a model 
might want to do with it. It was decided that a model should be able to predict the 
outcome of any 10% solution GTP of MMA catalysed by TBAB using MfS as 
initiator. In order to properly calculate a reaction rate coefficient it is necessary to 
maintain a constant temperature throughout the reaction. Thus the model will only 
predict the outcome of an isothermal polymerisation. 
To construct such a model, it was decided the best course of action would be to 
calculate an apparent rate constant for a range of values for each parameter which 
is most likely to be varied by the user, i.e., temperature, [I]:[C], and [M]:[I]. Then 
from the behaviour of the rate coefficient as each parameter varies, an equation can 
be written into the model which will predict its value for any range of conditions. 
4.7 Modelling 
In performing the GTP reactions a small amount of tennination by protic 
impurities was noted and the degree of this termination was found to be consistent 
and predictable. It was decided that this could be written into the model to give an 
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accurate molecular weight which reflected the amount of initiator and polymer 
chain consumed in this termination reaction. This is discussed in more detail in 
section 7.6.2. 
It was also found that the reaction suffered from a period of slow polymerisation in 
certain cases, most notably where reaction times were in excess of 600 seconds. 
This has been referred to by some researchers as an "induction period", whereby 
polymerisation is slow due to the process of initiation. It is not an induction period 
in the sense that no polymerisation occurs whatsoever, and should not be confused 
with induction periods noted in other types of polymerisation such as free radical. 
Thus in this work this phenomenon will be termed "slow-phase polymerisation" to 
avoid any confusion. This phase is manifested by a period at the beginning of the 
reaction during which polymerisation occurs at a rate significantly slower than the 
rate of normal polymerisation, which can not be attributed to limitation of the rate 
by a low concentration of monomer. 
For the purposes of the model it was found necessary to divide the polymerisation 
into two distinct phases: slow-phase polymerisation, and normal polymerisation. 
This is because the model could not adequately predict the slow-phase. Thus two 
separate rate coefficients were calculated for the two different phases, and also a 
time at which the phase effectively changed from one to the other, since all these 
parameters would change depending on the conditions used in the experiment. 
55 
5 Experimental 
Below is an outline of methods used in experimental work on GTP. Most 
procedures are carried out in a fume cupboard since all reagents are flammable and 
toxic, and vessels under vacuum are screened where possible to protect users. 
Safety goggles, protective gloves and a lab coat are worn at all times to protect 
users from chemicals and possible explosions of glass under vacuum, however 
unlikely this may be. The risk of intoxication through inhalation is low for these 
procedures, since most chemical transfer is via syringe and reagents are rarely 
exposed to the atmosphere. Contact of the reagents with the skin is possible, 
although unlikely, especially since gloves are worn throughout. Any contact of 
reagents with the skin are immediately treated with soap and water. Contact of the 
reagents with the eyes is a particular hazard since it can cause lasting damage. For 
this reason safety goggles are worn at all times. In the unlikely event of contact 
with the eyes, the eyes are to be flushed with water and medical treatment sought 
immediately. 
These are general precautions set in place to cover contact with any of the 
reagents. 
5.1 Materials 
5.1.1 [Cl -methoxy-2-metbyl-l-propenyDox;yltrimethylsjJane (MTS) 
This is used as received from Aldrich. A suba-seal is placed on the bottle on 
opening and transfer thereafter is by syringe only to ensure no air comes into 
contact with the MTS. 
5.1.2 Methyl methacrylate (MMA) 
MMA is supplied by ICI Acrylics with 5ppm inhibitor to prevent spontaneous 
polymerisation in light conditions. This amount of inhibitor does not effect 
polymerisation by GTP adversely. MMA is dried in a column containing 
molecular sieve (see section 5.2) then transferred by syringe to the reaction vessel. 
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5. 1.3 Tetrabydrofuran (THE) 
Tetrahydrofuran is supplied by Fisons and is stored over molecular sieve and 
sodium wire. It is then distilled directly before use from lithium aluminium hydride 
in a refluxing still (see section 5.2.4). 
5. lA Tetrabutylammonium benzoate 
This is used as supplied by F1uka as a powder. A 0.05M catalyst solution is made 
up to dilute the catalyst as only very small amounts are required. A weighed 
amount of catalyst is put in a 15 ml nitrogen-filled mixing vessel with a suba-
sealed side-arm which has previously been washed and dried as outlined in section 
5.2. The catalyst is then kept under vacuum for one hour before adding an amount 
of MMA suitable to make a O.OSM solution of catalyst. This is then stirred under 
nitrogen until all catalyst has dissolved. 
5.1.5 Lithium aluminium hydride 
This is used as supplied by Aldrich. It is highly hygroscopic and explosive on 
contact with moisture, and is therefore stored in a desiccater to reduce exposure to 
moisture in the air. It is disposed of by drop-wise addition of propanol until 
effervescence subsides. The resulting solution is then poured over ice and left to 
separate into solvent and water layers. The (bottom) water layer is washed down 
the drain with water, and the upper solvent layer is disposed of as solvent. 
5.1.6 Sodium Wire 
This is supplied by the Chemistry Department at Loughborough University. Once 
spent, the used sodium wire is immersed in toluene. A mixture of 10% methanol in 
toluene is then added drop-wise to the sodium in toluene until the effervescence 
subsides. Water is then added slowly and the solution is left to allow the water and 
solvent to form separate layers. The water layer is poured down the drain and the 
solvent layer disposed of as solvent. 
5.1.7 Methanol 
This is used as supplied by Fisons to terminate polymerisation samples and 
precipitate polymer. PMMA is not soluble in methanol, while MMA and small 
oligomers of MMA are[167, 186], thus it is a suitable precipitating agent. Addition 
of a few drops of water is necessary when conversion (and most likely molecular 
weight) is low. 
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5. 1.8 Molecular sieve 
Molecular sieve is dried in a hot oven at or above 200°C overnight (at least five 
hours) and transferred quickly to any vessels preferably at high temperature to 
avoid moisture uptake from the air. After use in drying a reagent it is washed 
several times with acetone and allowed to air-dry before heating in a hot oven. 
Once used with a particular reagent molecular sieve is only reused in that reagent 
to avoid any inhibitors causing unwanted side reactions in other reagents should 
they resist the washing process. If molecular sieve is stored it is transferred 
immediately after heating and kept in an airtight container to exclude moisture. 
5.1.9 Acetone 
This is used as a cleaning agent for all glassware since it will dissolve polymer 
remaining in vessels, and any acetone residue evaporates quickly from glassware 
in a hot oven. It must be disposed of as solvent. 
5.2 A""aratus 
All glass reactors and mixing vessels are washed with acetone to remove any 
protic impurities, dried in a hot oven overnight (100°C), then flame polished 
(heated with a hot air gun on their outside) while under vacuum with appropriate 
suba-seals in place. 
5.2.1 Reaction vessel 
A 50 m1 round bottomed flask with side-arm is used as a reaction vessel (see 
Figure 5.2.1.a) since it allows adequate mixing of reagents and is capable of 
withstanding the low pressure vacuum used during experiments. 
The main entry is sealed with a suba-seal to allow transfer of reagents by syringe, 
and the side arm has a quick-fit tap attached which is connected to a nitrogen! 
vacuum line. The reagents are mixed by using a magnetic stirrer. 
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Nitrogen! vacuum 
/ 
Figure 5.2.l.a - Reaction vessel for GTP of MMA 
5.2.2 Catalyst vessel 
The catalyst vessel is a round-bottomed flask with side-arm similar to the reaction 
vessel depicted in Figure 5.2.l.a, but with a volume of 15 ml. It is also stirred 
using a magnetic stirrer. 
5.2.3 vacuum! nitro2en Hne 
A glass nitrogen! vacuum line is used to supply reactors, columns and the Atmos-
bag. The nitrogen supply comes from dry nitrogen bottles and is passed through a 
column containing molecular sieve as an extra precaution. Areas subjected to 
prolonged vacuum are taped up as a safety precaution to prevent explosion of glass 
in the event of a fracture. 
5.2.4 Tetrahydrofuran distillation a£l£laratus 
This apparatus is kept in a fume cupboard. THF is put in a round-bottomed flask 
(see figure 5.2.4.a) with lithium aluminium hydride and a few heating rocks to 
induce circulation. The flask is heated by an electric heater. The tetrahydrofuran 
refluxes and is distilled over into the reaction vessel. A condenser ensures no THF 
escapes to the nitrogen line or atmosphere, while a supply of nitrogen maintains an 
air-free atmosphere in the column. 
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Nitrogen 
~ 
Cold water 
Reactor 
Figure 5.2.4.a - Reflux distillation column for purification oftetrahydrofuran 
5.2.5 MMA dryin~ column 
All glassware in this apparatus is browned to prevent polymerisation being 
initiated by light. MMA is stored in a round-bottomed flask over molecular sieve. 
The MMA flows into the column of molecular sieve under pressure of nitrogen, 
upwards through the column, and out into the second round-bottomed flask which 
also contains molecular sieve (see Figure 5.2.5.a). MMA can be withdrawn from 
this flask by syringe. 
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Figure 5.2.5 .a - Drying column for methyl methacrylate 
5.2.6 Ancillary equipment 
Once tetrahydrofuran has been di stilled into the reaction vessel, it is immersed in a 
refrigerated water bath containing ethylene glycol or in a heated water bath 
depending on the temperature the reaction is to be maintained at. The ethylene 
glycol has a low freezing point and thus maintains the cooling medium in a liquid 
state. 
A plastic containment bag supplied by Aldrich which has an inlet for nitrogen is 
sealed around the neck of the reaction vessel so th.at the neck and Sll ba-seal are 
contained in a nitrogen atmosphere. This bag has an opening to allow sampling 
while a steady flow of nitrogen maintains the air-free atmosphere. This ensures 
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condensation does not form on the suba-seal from the atmosphere and therefore 
protects against moisture entry during syringe transfer of reagents. 
5.3 Polymerisation procedure 
The following is an account of a typical polymerisation procedure. 
The reaction vessel is removed from the oven and sealed with a suba-seal and 
quick-fit tap attachment on the side-arm. It is attached to the vacuum line, 
evacuated, and flame polished with a hot air gun for five minutes. The vessel is 
then left under vacuum for a further hour. After this time the vessel is filled with 
nitrogen and connected to the tetrahydrofuran distillation column. Tetrahydrofuran 
is then reflux distilled into the reaction vessel. 
The catalyst preparation vessel is dried as described for the reaction vessel, then a 
small amount of catalyst is weighed into the vessel quickly to minimise any 
contact the catalyst has with air. The vessel is then evacuated and left under 
vacuum for one hour, after which an amount of MMA adequate to make a O.05M 
solution is transferred to the vessel by syringe. The solution is then stirred for five 
minutes to dissolve the catalyst. It is necessary to ensure that the MMA does not 
come into contact with the suba-seal since it will dissolve it and introduce 
impurities into the reaction medium. 
The reaction vessel containing tetrahydrofuran is connected to a nitrogen supply 
and immersed in the water bath which is kept at a steady temperature. An amount 
of MMA is transferred to the reaction vessel by syringe to make a 10% solution of 
MMA in tetrahydrofuran. The required amount of MTS is then added to the reactor 
by syringe (usually in the range 10 to 500 pI). Once the reaction medium is at a 
steady temperature, the catalyst is added by syringe (in the range 10 to 300 pi) and 
a stopwatch is started instantaneously to mark the beginning of the polymerisation. 
From this point samples are taken at regular intervals in accordance with the 
estimated reaction time (this is gauged from experience). The samples are analysed 
for conversion, number average molecular weight, and weight average molecular 
weight. 
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$.4 Analysis 
Most experimental data requires analysis of some sort. It is often the case that 
weight analysis of concentrations of reagents gives the most accurate results, since 
syringes have an error of ±1 %, assuming the user is rigidly consistent in use, 
which is rarely the case. Therefore, wherever possible, reagent concentrations were 
measured by weight and converted to molll. This section outlines the various 
methods used and the procedures involved in experimentation. 
5.4.1 Conversion 
To estimate conversion, each sample is weighed and placed in a pre-weighed 
aluminium foil dish. This is done by weighing both sample and syringe, expelling 
the sample into the dish, then weighing the syringe. This was found to be the most 
reliable method of sample weighing; because the sample is volatile. An accurate 
balance reading cannot be achieved if it is exposed to atmosphere, thus making 
weighing of the sample after expulsion from the syringe difficult. 2 ml of methanol 
is then added to stop polymerisation and precipitate polymer, and the time noted. 
The polymer solution is then dried in a vacuum oven at room temperature or 
slightly above, until completely dry. The foil dish and polymer contents are then 
weighed to give a weight of polymer which can be used to calculate conversion. 
This gravimetric method provides a direct means of conversion analysis. 
5.4.2 Molecular weight analysis by RAPRA 
Gel chromatography is perhaps one of the best methods of molecular weight 
measurement for following the course of a reaction [186] • 
The polymer sample is transferred to a glass tube, sealed, and sent to RAPRA for 
analysis by GPC as outlined below [263] • 
A single solution of each sample is prepared by adding 10 ml tetrabydrofuran (with 
antioxidant) to 20 mg of polymer which is left overnight to dissolve. A small 
amount of 1,2 dichlorobenzene is added as an internal marker and the solutions 
mixed thoroughly. Each solution is then filtered through a 0.2 micron polyamide 
membrane and the filtrate is transferred to glass vials which are placed in an auto-
sampler. Each sample is run through a PL gel mixed bed-D refractive index 
column at room temperature at a flow rate of 1 ml/min. The GPe is calibrated with 
polystyrene and literature viscosity constants are used to calculate molecular 
weight of the PMMA samples. Each sample is run twice to give average values of 
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Mn (number average molecular weight) and Mw (weight average molecular 
weight). A reference polymer sample is also run with each batch of samples. 
An example report as provided by RAPRA for experiment GAN3.83 sample 3 is 
shown in Appendix A.2. 
It must be noted that GPC is not an absolute measurement of molecular weight and 
as such can on! y be used as a guid e. 
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6 Results 
The following is a summarised account of important results. An extensive 
documentation of all results is presented in Appendix A. 
6.1 Solvent Tests 
To ascertain which was the best solvent to use in GTP kinetics studies, a number 
of trials were performed using chlorobenzene, toluene, dimethyoxyethane, N,N-
dimethylformamide, and THF, comparing the yield of polymer when polymerising 
MMA in each solvent (experiments GANl, shown in Table A.1.a to A.l.l in 
Appendix A.I). The results of these trials are shown in figures 6.6.a to 6.6.f. Of the 
solvents compared, THF, chlorobenzene and dimethoxyethane allowed good yield 
of polymer, although of these three, only THF allowed almost complete conversion 
ofmonomer. 
6.2 Monomer Comparison 
To prove that the inhibitor added to MMA supplied by ICI Acrylics does not 
significantly inhibit GTP of MMA, it was compared to a different, inhibitor-free 
source of MMA. The two different sources of MMA were polymerised in identical 
conditions and the results are plotted in figure 6.2.a. 
6.3 Temperature Studies 
In experiments GAN3.06 to GAN3.69 concentrations of catalyst, initiator, 
monomer and solvent were the same (values given below), while temperature 
varied between experiments from 253 to 333K. In each experiment temperature 
was controlled and maintained to within IK of the starting temperature. 
catalyst concentration, [C]o = 0.0001 molll 
initiator concentration, [1]0 = 0.01 molll 
monomer concentration, [MJo = 1.0 molll 
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solvent concentration, [S] =11 molll 
For successful experiments, values of slow-phase polymerisation period (ti), 
apparent rate constant (kapp), and apparent rate constant during slow-phase 
polymerisation (kappi) were calculated. Molecular weights of samples were 
analysed by GPc. Table 6.3.a summarises these results. Sample calculations of 
kapp. kappj, and ti are shown in Appendix B. In some instances values are not given 
for kapp, kappj, or ti. This is because, in that case, not enough points were plotted to 
give a reasonable estimation of the constant. A more detailed account of this series 
of results can be found in AppendixA.l, tables A.l.p to A.l.bc. 
Figure 6.3.a shows the relationship between In (kapp) and lftemperature resulting 
from a plot of the results obtained from these studies (shown in Table 6.3.a). 
Although this is expected to be a straight line relationship, a better fit is obtained 
using a second order polynomial equation. 
Figure 6.3. b shows the relationship between In (kappi) and lftemperature resulting 
from a plot of the results obtained from these studies (shown in Table 6.3.a). These 
results also best fit a second order polynomial equation rather than a straight line 
relationship. The resulting equation was used to predict kappi in terms of 
temperature for the model of GTP: 
Figure 6.3.c shows the relationship between ti (slow-phase polymerisation period) 
and temperature found when the results from Table 6.3.a are plotted. A fourth 
order polynomial equation fits this plot best. This equation was used in the model 
to predict ti in terms of temperature: 
Figures 6.3.a to 6.3.c provide equations which are used in the model for GTP of 
MMA: 
(6) 
(7) 
t, =-5.247E -03* T3 +4.88T2 -1.513E+ 03* T+ I.564E +05 (8) 
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Table 6.3,a • Summary Q,fresultr Q,fTemperature studies 
T(K) I:j (s) kapp (s·l) kappi (s·l) Conversion Final Mn Final Mw Dp 
252,65 7.o1B-05 0.55 
263,95 625 0,000347 0,92 15400 24000 1.55 
268,75 450 0,000370 0,75 16100 25300 1.57 
268,95 0,000318 0,87 
274,85 350 0,000841 0,000124 0,84 14500 18800 1.30 
277,65 200 0,00132 0,000266 0,92 11500 22600 1.97 
283,15 150 0,00225 0,000595 1.00 15900 21200 133 
283,15 140 0,00254 0,000472 0,95 16200 22100 1.36 
291.15 ISO 0,00432 0,00138 1.00 llloo 18900 1.70 
291.15 130 0,00423 0,000461 0,95 14100 20400 1.45 
303,15 100 0,00668 0,00262 1.00 10400 18700 1.80 
303,15 110 0,00608 0,00216 0,98 16300 24600 1.51 
333,15 60 0,0132 0,00384 1.00 17600 22600 1.28 
333,15 0,0133 1.00 13000 20400 1.60 
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6.4 Monomer : Initiator studies 
In this series of experiments (GAN4.05 to GAN4.44) only the ratio of monomer to 
initiator was varied, all other conditions being kept constant, as listed below. 
monomer concentration, [M] 0 =0.9 molll 
solvent concentration, [S] = 11 molll 
ratio initiator: catalyst, [l]oI[C]o =98 
Temperature was controlled throughout each experiment at 283.15K. 
Table 6.4.a summarises significant results from these experiments. A more detailed 
account of results frorn this series of experiments can be found in Appendix A.I, 
tables A.l.cj to A.l.dr. 
Figure 6.4.a shows the relationship between M:I and ti. 
Figure 6.4.b shows the relationship between M:I and kapp. 
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Table 6.4.a - Summary Q,fresults from Monomer : Initiator studies 
M:I !j (s) kapp (s-I) kappi (s -I) Conversion Final Mn Final Mw 
51.7 0.000568 0.60 5840 9590 
58.1 100 0.000503 0.70 6100 9490 
69.3 180 0.000824 0.000230 0.89 10300 14300 
71.7 200 0.000540 0.75 8700 15300 
73.4 125 0.00139 0.90 
85.2 180 0.00167 0.90 10300 16400 
122.5 500 0.000159 0.46 
124.3 0.00275 0.00115 0.76 10300 21300 
139.3 0.000162 0.43 
140.4 0.000455 0.46 
171.1 680 0.000116 0.0000490 0.25 
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6.5 Initiator: Catalyst studies 
In these experiments (GAN3.71 to GAN4.04) all conditions were kept constant 
except the ratio of initiator to catalyst, which was varied from 49 to 197. 
initiator concentration, [lJo = 0.009 molll 
monomer concentration, [MJo =0.9 molll 
solvent concentration, [SJ =11 molll 
Temperature was maintained at 273.15K for each experiment. 
A summary of results is presented in Table 6.5.a. A more detailed account of 
results from this series of experiments can be found in Appendix A.l, tables 
A.1.bd to A.1.ci. 
Figure 6.S.a shows the relationship between I:C and ti. 
Figure 6.5.b shows the relationship between I:C and kapp. 
Figure 6.5.c shows the relationship between I:C and kappi. 
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Table 6.5.a - Summary Q.fresults from Initiator,' Catalyst studies 
I:C tj (s) k"pp (s-l) k.ppj (s-l) Conversion Final Mn Final Mw 
49 0.000607 0.74 
49 0.00263 0.90 13000 18300 
66 0.00108 0.74 15700 20400 
69 250 0.00114 0.000434 0.82 15100 20000 
70 0.00162 0.24 
76 0.00111 0.85 12100 21200 
82 0.00104 0.93 12000 20600 
84 500 0.000630 0.000184 0.80 15900 22100 
84 350 0.00196 0.000584 0.95 12400 19600 
98 300 0.000465 0.000234 0.79 12900 22000 
115 470 0.000129 0.0000330 0.51 
141 350 0.000309 0.000101 0.83 10400 17500 
144 650 0.000165 0.0000810 0.79 10100 15700 
149 600 0.000170 0.0000723 0.73 9240 16500 
167 1000 0.0000520 0.0000200 0.31 5500 9380 
184 1700 0.0000660 0.0000150 0.49 7970 14600 
187 1800 0.0000382 0.00000799 0.24 
197 0.0000200 0.13 
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6.6 Livingness of GIP 
In order to investigate the living nature of GTP, number average molecular weight 
versus conversion is plotted in figures 6.6.a to 6.6.e for experiments GAN3.86, 
3.90,3.93,4.14 and 4.15. For a living polymerisation it is expected that number 
average molecular weight increases linearly with conversion, and thus a straight 
line for these plots demonstrates a living nature. 
6.7 Model Results 
Figures 6.7.a and 6.7.b show comparisons of experimental results with those 
predicted by the model described in section 7.7. 
Figures 6.7.c to 6.7.h show results predicted by the GTP model for experiment 
GAN3.85. These are intended as an illustration of how the model behaves for 
various values of Cl and ~, the parameters in equations (3) and (4). Figure 6.7.3 
shows Mn and Mw for various values of Cl, as well as the experimental results in 
black. This is split into two graphs to clarify the data; Figures 6.7.d and 6.7.e show 
predicted Mn and Mw respectively, along with the relevant experimental result. 
Similarly Figure 6.7.f shows Mn and Mw predicted values for experiment 
OAN3.85 for various values of ~,and is again split into Figures 6.7.g (Mn), and 
6.7.h (Mw) for clarity. 
Figure 6.7.i shows a comparison of two different possible equations for Mw 
(equations (4) and (5» as derived by Mttlleret aI (see section 7.7.3.2). 
Figures 6.7.j to 6.7.m show model predicted results for other experiments 
compared to their respective experimental results. Figure 6.7.j shows model 
predicted results of Mn and Mw for various values of Cl and ~, again as an 
illustration of how the model behaves for various Cl and ~. Figure 6.7.k shows 
model predicted results of Mn and Mw for various values of Cl and ~ for 
experiment GAN4.20. Figure 6.7.1 shows model predicted results of Mn for 
GAN4.14 at various values of dt. Figure 6.7.m shows model results of conversion 
for experiment OAN4.14. These two figures are intended as an illustration of how 
the model behaves for different values of dt (i.e., the time step length in the model 
algorithm). 
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6.8 Analysis of Results 
To demonstrate how results were plotted and the various constants were found, 
sample figures are plotted for five different experiments. Plotted for each 
experiment are 
(i) Conversion versus time (figures 6.8.a to 6.8.e), 
(ii) number average molecular weight and weight average molecular weight versus 
time (figures 6.8.f to 6.8.j), 
(iii) number average molecular weight and theoretical number average molecular 
weight versus time (figures 6.8.k to 6.8.0). 
(iv) polydispersity versus time (figures 6.8.p to 6.8.t), 
(v) In (Mo/M) versus time (figures 6.8.u to 6.8.aa), and 
(vi) number average molecular weight versus conversion (figures 6.4.a to 6.4.e). 
Examples of molecular weight figures supplied by RAPRA based on samples sent 
for analysis can be found in Appendix A.2 
6.9 Normalisation of Model Equations 
Although concentrations of reagents were kept approximately the same where 
necessary, there was some variation of concentration due to the nature of the way 
reagents were added. This is unavoidable since reagents must be added in such a 
way as to avoid contact with moisture in the atmosphere. Thus, addition of 
reagents is performed by weighing a syringe before and after addition for accuracy. 
This results in a slight variation of concentration between experiments. To obtain 
an accurate equation for prediction of k app, it is necessary to normalise results, 
thereby removing any error due to a slight variation in concentration of reagents. 
Figures 6.9.a to 6.9.e show plots used to normalise results in this manner. 
Normalisation of results for the variation of I:C ratio studies was done by using the 
equation for prediction of kapp based only on temperature (equation (6». 
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6.10 Miscellaneous Results 
Table 6, IQ,a - Estimation of Terminated Initiator for GAN4,Q] 
tirn!.: (~) illleDl!i!lat~ 
1771 0,()()5277 
2430 0,004131 
3263 0,003728 
3995 0,003414 
4802 0,002849 
6050 0,003408 
7292 0,003046 
9860 0,002307 
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Figure 6.2.a - Comparison of two different sources of MMA 
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Figure 6.3.c - Relationship between ti and Temperature 
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7 Discussion 
7.) CyfIlcral COmments 
This discussion is laid out in sections which are divided up in terms of the subject 
areas of the research covered. 
It is laid out in this fashion to facilitate simplified cross-referencing and to allow 
the discussion to be followed logically by the reader. Figures and data referred to 
in this section are in the main contained in section 6 of this thesis; other data is 
presented in Appendix A to avoid overwhelming the reader with data and analyses. 
7.2 Reaction characteristics 
7.2.1 Rea~ents and impurities 
From early experiments on GTP of MMA it became obvious that the reaction was 
very sensitive to water and impurities. This was further verified by workers at ICI 
Acrylics who had developed a strict regime for purification of reagents and drying 
of glassware. The methods used by workers at ICI were adapted for use in this 
work and throughout the development of a suitable protocol for experimental work 
several problems were apparent. 
It was recognised that reagents were usable as supplied except for their water 
content which varied, therefore it was necessary to take precautions to remove all 
moisture before experiments could begin. As mentioned in section 5.1, MTS was 
used as supplied, as was the catalyst (except for drying under vacuum during 
experimental procedure), and MMA was dried in a column containing molecular 
sieve. 
MMA was supplied by ICI Acrylics with less than 5 ppm toponol A inhibitor. This 
inhibitor is added to the monomer to prevent polymerisation occurring during 
storage and transit. It is possible that light could cause initiation of free radical 
polymerisation of MMA, especially if it is stored in light conditions for long 
periods. To prevent this, inhibitor is added to the monomer and it is stored in 
brown or opaque containers. 
135 
For the purposes of this research, it was necessary to either remove this inhibitor, 
or to prove that it has little or no effect on GTP kinetics. If the inhibitor does have 
an effect on GTP reaction kinetics, adverse or otherwise, then the results of this 
work would only be of importance in relation to similarly performed experiments, 
and of little use in the field of GTP in general. To this end the MMA supplied by 
lel Acrylics was polymerised in a controlled manner, and the results compared to 
an identical experiment in which a different source of MMA was used. This 
alternative MMA was from Aldrich, and initially contained hydroquinone inhibitor 
which was removed by distillation in a rotary evaporator. Trials using these two 
monomers show that there is no significant difference in the rate of polymerisation 
for the different monomers (see figure 6.7.a), and thus the level of inhibitor in the 
MMA used as supplied by ICI Acrylics is acceptable as it does not inhibit 
polymerisation by GTP. 
A similar procedure was conducted with THF, which is also supplied with an 
inhibitor. To ensure this inhibitor would not affect polymerisation an experiment 
was conducted whereby the inhibitor was removed from THF by rotary 
evaporation and the resulting inhibitor-free THF was used in a standard group 
transfer polymerisation of MMA. It was found that there was no appreciable 
difference in the rate of polymerisation between experiments conducted with 
inhibited and uninhibited THF, and therefore the inhibitor can be regarded as a 
non-interfering agent in the polymerisation. 
In initial studies THF was stored in a container with molecular sieve. This was 
found to be insufficient as a means of drying since THF is highly hygroscopic and 
the molecular sieve could not dry THF adequately once it had been exposed to air. 
Thus it was important to develop a drying method for tetrahydrofuran which was 
air-free and could dry THF completely without it coming into contact with air at 
any stage. It was decided that a refluxing distillation of THF from lithium 
aluminium hydride in a nitrogen atmosphere would dry the tetrahydrofuran 
sufficiently (a detailed account is described in section 5.2.4). This overcame 
previous problems encountered with THF dried by other means. To prevent the 
distilled THF from coming into contact with air and thus becoming moist again, it 
is distilled straight into the reaction vessel thereby maintaining a dry nitrogen 
atmosphere at all times. 
In many experiments, the addition of catalyst failed to catalyse a GTP reaction, 
seemingly for no reason. The main cause of this was moisture or impurity, which 
can contaminate the reaction medium by a number of modes. Apart from using wet 
reagents, moisture can be present on glassware or syringes, or may even enter the 
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reaction vessel when sampling. Caution is particularly necessary when conducting 
experiments at low temperature, i.e. below room temperature. If condensation 
fonns on the suba-seal and a syringe passes through it then this may lead to entry 
of moisture into the vessel. To avoid the possibility of this, the suba-seal and neck 
of the reaction vessel were maintained in a dry nitrogen atmosphere by using a 
Atmos-bag (see section 5.2.6) which allows entry for sampling purposes. 
To ensure no impurities or moisture enter it was also essential to clean all 
glassware and syringes thoroughly and heat in an oven at 100°C overnight before 
use. It was essential that these items were used straight from the oven and had as 
little air contact time as possible so that condensate from the air was not allowed to 
settle on glassware or syringes and then enter the reactor. 
When experiments do fail, the most likely reason is that impurities or moisture 
have caused termination of polymer chains by hydrolytic attack of the chain ends 
(see section 2.5.3). The method of tennination has important implications on the 
GTP mechanism. This is discussed further in section 7.6. 
One factor which is difficult to account for in a model is the amount of impurity 
present in the reagents before addition of initiator and catalyst. Despite rigorous 
purification and drying of reagents, there will inevitably still be some impurity in 
the polymerisation medium. For a qualitative study of GTP it may be possible to 
add extra initiator to eliminate any impurity, since the protic impurity would react 
with the extra initiator. However, for quantitative studies where the amount of 
reagents added is of paramount importance, this is not possible. The only action 
possible in this case is to limit, as far as is reasonably possible, the amount of 
impurity. 
When initiator is added to a polymerisation medium, some of it will inevitably be 
consumed by protic impurities, and thus the real amount of initiator which initiates 
polymerisation of polymer chains can not truly be known, only estimated. 
However, it has been noted that the proportion of termination of polymer chains 
(or rather initiator) by this means is not random. This is discussed in further detail 
in section 7.6.2. 
It has been noted by other researchers that termination is more prolific at high 
temperatures, especially above 30°C (this termination is due to cyclisation of 
polymer chains and should not be confused with any tennination caused by protic 
impurities). If this is the case, it would be manifested by an overall increase in the 
molecular weight distribution of the resulting polymer at high temperature when 
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compared with polymer formed at low temperature, Le., a higher value of Dp (the 
polydispersity index, calculated from Mw/Mn). 
As the condition of the reagents is of great importance, it was also necessary to 
check their status regularly. MMA and THF are both susceptible to light-induced 
polymerisation, and although they were kept in browned containers, this does not 
prevent light causing some polymerisation. Unused MMA in the drying column 
was changed on average once a month, otherwise a decline in reliability of results 
could be noticed. Tetrahydrofuran left in the reflux still could suffer the same fate 
if not used within a short period of time. This was changed at least once a fortnight 
as the distillation column glassware was not browned. The catalyst and initiator are 
generally not as susceptible to external conditions, especially since they were 
predominantly stored in the dark. 
The solvent used in these experiments, tetrahydrofuran, is supplied by Aldrich with 
an added stabiliser, namely butylated hydroxy-toluene (BHT, generic name 2,6-di-
tert-butyl-p-cresol). Addition of this stabiliser is to prevent polymerisation of 
tetrahydrofuran in transport and storage, though it is believed that the low 
concentration of the stabiliser will not effect GTP in any way. To prove that the 
stabiliser has no effect on GTP of MMA, two identical experiments were 
performed differing only in their source of THF. One experiment was performed 
using the normal THF, the other using HPLC-grade tetrahydrofuran which 
contains no stabiliser. It was found that the rate of polymerisation was identical 
when using stabilised and unstabilised tetrahydrofuran (see tables A. lob and A.l.n, 
and figure A.l.a). Figure A.l.a shows that the two separate polymerisations (both 
performed in identical conditions, except for the THF source) proceeded at a 
similar rate. The polymerisation using un stabilised tetrahydrofuran only converted 
75% of monomer and seemed to have suffered from termination after that point. 
However, this does not spread doubt on the significance of the result, since up to 
this point monomer was being converted at a rate comparable to the 
polymerisation performed using the stabilised tetrahydrofuran. This result 
therefore supports the supposition that the stabiliser in the supplied THF has no 
effect on the polymerisation of MMA by GTP. Confirmation of this theory allows 
experiments to be performed using stabilised THF in the confidence that results are 
not being distorted by any interaction between the stabiliser and MMA. 
Early during the trials on GTP, some difficulty was experienced, whereby 
reactions were marred by early termination of polymerisation, the cause being 
unidentified (Table A.l.n in Appendix A shows an example). Many trials were 
performed to arrive at the cause of this problem. It was finally solved with 
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experiment GAN3.05 (see Appendix A Table A.l.o), an experiment perfonned 
with an alternative source of TBAB catalyst. The result for GAN3.05 achieves 
39.8% conversion of monomer after 330 seconds, whereas in GAN3.04, only 
12.4% conversion is seen after the same time period. This results suggests the 
TBAB used previously contained an impurity which was causing termination of 
polymer chains, thereby slowing the rate of polymerisation. The new source of 
TBAB was used for all subsequent experiments. 
72 2 I.jYin~ nature of GTP 
GTP is believed to be a living polymerisation. The livingness of a polymerisation 
reaction can be demonstrated by plotting a graph of number average molecular 
weight versus conversion for a set of reaction results. This has been done for a 
number of GTP reactions to demonstrate the livingness of the resulting polymers 
(see section 6.4). Figures 6.6.a to 6.6.e clearly show that the relationship between 
Mn and conversion is linear and supports the assumption that GTP has a living 
polymerisation mechanism (see section 2.1.2). The values of polydispersity, 
calculated from molecular weight results from experiments, also support this 
assumption, since they are all close to unity, suggesting little or no chain transfer 
or termination has occurred during the polymerisation. The results for molecular 
weight presented in section 6 also support the theory that GTP is a living 
polymerisation, since molecular weight can clearly be controlled by stoichiometry. 
In experiments which reached full conversion, the final Mn is approximately equal 
to Mn(theory)' This means that control of the starting concentrations of monomer 
and initiator will result in a polymer with the desired number average molecular 
weight. 
Despite the belief that GTP is a living polymerisation, it is not a truly living system 
in the strictest sense, since it is well known that GTP suffers from inherent 
termination reactions which are not due to protic impurities. This other type of 
termination reaction is tenned back-biting since it occurs by intramolecular 
nucleophilic attack by the silyl ketene acetal end group on a backbone ester and 
results in cyclisation at the monomer chain end (see section 2.3.5). It is an 
irreversible tennination step and results in an overall loss of polymer chains. 
During nonnal polymerisation it only occurs at a very low rate which does not 
affect the overall results significantly. However, when the concentration of 
monomer is low, and polymer chains are still "living", this reaction will occur 
more rapidly. This is because living polymer has a propensity to react, and if free 
monomer is lacking, the chain will react with itself. Therefore, when producing 
block copolymers this tennination step becomes more of an issue since it is 
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necessary in some cases to ensure complete conversion of one monomer before 
adding another, and this in turn necessitates leaving "living" polymer chains for a 
period when monomer has been depleted. Thus many researchers will argue that 
GTP is not a living polymerisation because polymer chains will not remain 
"living" if left for long periods of time without monomer. Conversely, GTP can be 
regarded as an approximation to a living polymerisation since it behaves as a living 
polymerisation would in most cases. Indeed some researchers have stored "living" 
GTP polymers for over 10 hours and then added more monomer which caused 
further polymerisation. Some cyclisation of polymer chains may have occurred in 
this time, but in many cases this can be regarded as negligible. 
Further evidence that GTP is a living polymerisation is presented in the following 
sections. 
7,3 Temperature studies 
The results of the studies on GTP of MMA in which only the isothermal 
temperature was varied between experiments are presented in section 6.1 and in 
further detail in Appendix A. 
It was found from these studies that benzoate-catalysed GTP of MMA does not fit 
the Arrhenius equation in a linear fashion as expected for most reactions. The 
Arrhenius equation states that 
k A -EA/R·T = ·e (9) 
where k = reaction rate coefficient, A = Arrhenius constant, EA = activation energy 
(J/mol), R = the gas constant = 8.31451 JK-1mor l , T = temperature (K). 
Taking a natural log of this equation gives the equation: 
(10) 
A plot of In k versus Iff would normally result in a straight line with gradient 
EAIR and intercept In A. For GTP k = kapp, thus we have 
In kapp = In A-E~T (11) 
However, in the case of benzoate-catalysed GTP of MMA it has been found that a 
plot of In kapp versus Iff does not give a linear relationship (see Figure 6.3.a), but 
one which better fits a second order polynomial equation. A straight line could be 
fitted to the points and used in the model for GTP, but this would not be a reliable 
140 
model. Thus it was decided that the second order equation, which does fit well, 
would be a better equation for prediction of kapp, since for a given value of 
temperature it will predict a more accurate estimate for kapp. 
It should be noted, however, that kapp is not a true reaction rate coefficient, but is 
an apparent rate coefficient, defined as kapp = kp • [p'J. This assumes that [p*] is 
also constant, which, apart from during the initial stage of the reaction where 
reactants and intermediates are equilibrating, is true. The use of this apparent rate 
constant in the Arrhenius equation is not improper as long as the assumption that 
* [P ] = constant is true. 
The validity of this assumption is based on the living nature of the polymerisation. 
* Since [P ] represents the concentration of living polymer chain (those chains 
which are regarded as active because they can undergo addition of monomer), then 
proof that the polymerisation is a living one allied with a narrow molecular weight 
distribution at the end of the polymerisation strongly supports the assumption. 
Figures 6.6.a to 6.6.e provide evidence that the polymerisation is a living one, and 
results presented in section 6 show that polydispersity is commonly less than 1.5, 
again typical of a living polymerisation and substantiation that the number of 
actively growing chains remains constant throughout the reaction. 
The fact that GTP of MMA in this case does not fit the Arrhenius equation has 
important implications on the GTP mechanism and intermediates involved in the 
mechanism. The Arrhenius equation is based on the assumption that two particles 
which collide can react, and they will do if they possess the minimum amount of 
energy required for them to do so, i.e. the activation energy (EN, Thus if an 
external factor affects the probability of a collision, then the reaction can not truly 
be described by an Arrhenius equation. 
It is possible that one of the key reaction steps in the GTP mechanism is diffusion 
controlled, i.e. a certain reaction may be dependent on diffusion of one of its 
reactants, which could be manifested as an unusual relationship between kapp and 
T. If diffusion of the reactant is a vital factor, then the rate of diffusion will change 
as temperature is varied, resulting in a peculiar Arrhenius plot which does not 
present the linear relationship normally expected. The species in the proposed GTP 
* mechanism which could effect reaction kinetics are P n, M, and Pn indirectly. Of 
these reactants, M is not likely to be a limiting factor, since it is in good supply 
during most of the polymerisation. Only near full conversion could the supply of 
monomer limit the polymerisation rate. 
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* It is also possible that diffusion of active polymer chains (P n) causes slower 
polymerisation in some cases, since the concentration of p* n at any time is 
believed to be only a fraction of the total concentration of polymer chains (both 
dormant and active). However, since the reaction medium is well mixed, it is 
unlikely that diffusion of reactants has limited the reaction rate in any way. 
Another possible reason for the anomalous relationship between kapp and T is that 
the expression kapp includes more than one rate constant and the propagation step 
is not as simple as is believed by many researchers. If, for example, the 
propagation step, i.e. addition of monomer, involved two steps, then there would 
be two k values for propagation, and each propagation step would have a different 
activation energy. Therefore, a combination of these steps could yield an unusual 
relationship, such as that seen for GTP in this case. Whatever the combination of k 
values is, it is certainly a complex one, not of the type 
(12) 
since this type of combination of rate coefficients would be expected to fit an 
Arrhenius plot. 
The propagation step in GTP indirectly depends on the activity exchange step (see 
Figure 2.3.7.a). The equilibrium coefficient for this step is kex, which does not 
appear in the model equation for conversion of monomer because monomer 
conversion does not depend on this step directly. However, it is conceivable that 
the equilibrium coefficient kex may vary as temperature is varied. This would 
effect the apparent rate coefficient kapp because, as previously mentioned, this 
• apparent rate coefficient is a multiple of kp and [P J. If kex changes with 
* temperature, then obviously [P 1 will also change with temperature, thereby 
changing the value of kapp. Therefore, while kp is following the Arrhenius law, 
• kapp is not since [P J does not remain constant as temperature changes. 
Many papers have been written on the mechanism of GTP, and much conflicting 
evidence presented by a variety of researchers. Most follow a single train of 
thought and wholly support one mechanism, while only a scarce few accept that 
perhaps different mechanisms occur with different catalysts. In view of all this 
conflicting evidence, it would not be completely radical to suggest that two 
mechanisms may be occurring at the same time in GTP. Since evidence for enolate 
involvement has been presented in past research on GTP, and evidence for an 
associative mechanism is equally convincing, it is conceivable that the two 
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mechanisms operate in tandem, one mechanism less so in certain conditions and 
vice versa. This hypothesis could then explain the abnormal behaviour documented 
in this work whereby the reaction does not appear to follow the Arrhenius law. 
Thus what has been calculated as the activation energy for a single mechanism 
would be a combined activation energy of two different mechanisms working at 
different rates depending on the temperature of the reaction. 
Whatever the reason for this unusual behaviour, there is insufficient evidence 
gained from the experiments conducted during this study to arrive at a firm 
conclusion as to its cause. Many other researchers have also noted that kinetic 
studies alone prove insufficient as a means of elucidating the mechanism of GTP 
(see section 2.3). What can be concluded though, is that the reaction mechanism 
which allows GTP to be performed is more complicated than is currently believed 
by researchers who propose the associative or dissociative mechanisms as outlined 
in section 2.3. It is most likely that GTP either is a combination of more than one 
reaction, or that it involves more reaction steps than current research suggests. This 
idea is explored further in section 7.6.4. 
7.4 Initiator Concentration: Catalyst Concentration Variation Studies 
In this series of experiments all conditions were identical except the ratio of 
initiator to catalyst, which was varied from 50 to 200 by varying the concentration 
of catalyst and keeping LIlo constant. These experiments were designed to reveal 
how k.pp, k.ppi, tj, Mn and Mw vary as the starting ratio of initiator concentration 
to catalyst concentration (I:C) is increased. Throughout all these experiments 
temperature was isothermal. 
It is most likely that the rate of polymerisation will increase as [C] increases (I:C 
decreases), since the number of polymer chains remains the same but more catalyst 
is present, and thus a higher proportion of polymer chains will be active at any 
time. Therefore conversion of monomer to polymer will occur faster as the 
concentration of catalyst increases relative to initiator. This was found to be the 
case from these studies. 
Table 6.S.a summarises the results from these experiments, and figures 6.S.a to 
6.S.c show the relationship between I:C and k.pp, ti, and kappi. However, these 
plots do not show the true relationship used in the model since some of the 
experiments performed were kept isothermal at slightly different temperatures. 
This is due to control of the temperature being difficult at low I:C. Under these 
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conditions the reaction is particularly fast, and thus temperature rises quickly. It 
was found that conducting an experiment. at a lower isothermal temperature 
allowed better control of temperature, since the polymerisation rate was. slowed. 
This slight variation of temperature must be taken into account.when looking for a. 
relationship since a rise in temperature of only 2K can cause a significant increase 
in the rate of polymerisation. To normalise these results, a value for kapp was 
predicted for each result using the equation for kapp[mJ = f(temperature) (see 
equation (25». Each value of kapp was divided by its respective predicted· kapp 
value, thus producing a set of data and a plot for kapplkapp[rn] versus T:C (figure 
6.9;a); In this way it was possible to eliminate noise in the data arising from slight 
temperature variations between experiments (see section 7.7.4 for a more detailed 
explanation). The same procedure was followed for kappi (figure 6.9.b) and ti 
(figure 6.9.c). 
7.5 Monomer Concentration: InitiatorConcentratioDYariationStudies 
In this series of experiments all· conditions were identical except the ratio of 
monomer to initiator, which was varied from 60 to 190 by varying the 
concentration of initiator and keeping [M]o constant. These experiments were 
designed to reveal how kapp,kappio ti, Mn and Mw. vary as.the starting ratio of 
monomer concentration to iilitiator concentration (M:I) isiilcreased; Throughout 
all these experiments temperature was isothermaL 
It was expected that kapp. kappio andt. would not vary significantly as M:lvaries. 
This theory can be explained .. with.reference. to Figure7.6.1.a. On looking at Figure 
7.6.1.a. it could be. said that. a higher concentration. of monomer with respect. to 
initiator would cause an increase in reaction rate (and thus reaction rate 
coefficient). However; this assumes that the active species p* (1*, P2*, etc.), are not 
restricting polymerisation, which of course they are because [P'l depends on [Ch 
Thus, as long as [C]O remains constant from one experiment to the next, [po] 
would not be expected to vary either; and so it follows thatthe reaction· rate will 
not vary significantly. The concentration of actively polymerising species, [p*], is 
determined by the concentration of catalyst, since· C reacts with I, or Pn to form 
PR', and at anyone time this is what limits the rate of polymerisation: [POl. 
Increasing the [Mlo with respect to [110 will only serve to increase the polymer 
chain length; there can not be more polymer chains polymerising since there is not 
the facility to make more ([C]o has not changed). The reaction will be identical· to 
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one with lower [Ml0, only it will proceed for longer, and will produce polymers of 
longer chain length, i.e. higher molecular weight. 
Figure 6.4.b shows the variation of kapp as M:I is varied from one experiment to 
the next. These values are then used to plot Figure 6.9.d, showing kapp/kapp(m) 
versus M:I (for details see section 7.7.4). The best fitting line for the points on this 
figure gives the curve 
(30) 
This equation is used in the GTP model (see Appendix D) for prediction of kapp, in 
conjunction with equations (24) and (26) presented in section 7.7.4. The data on 
this figure does not appear to follow any kind of fit particularly well. More 
experiments were performed in an attempt to reveal a more definite relationship 
between M:I and kapp/kapp(m), although this did little but provide more confusion. 
24 results in all were achieved for this set of experiments, all of which are plotted 
on Figure A.l.b. As can be seen from this graph, some confusion arises as to what 
is occurring as M:I increases. Therefore, the data set was reduced by excluding 
data which was thought less reliable from experimental notes, and the resulting 
reduced data set is that shown in figure 6.9.d (eighteen points in all). When the 
possible errors are taken into account, the relationship looks more plausible. Of the 
eighteen points, nine lie on the curve within error, and a further three are close, 
making the curve given by equation (30) a reasonable estimation of the 
relationship. 
As mentioned above (this section) kapp was not expected to vary significantly as 
M:I increased. However, from Figure 6.9.d, it is obvious that kapp does vary with 
increasing M:I. The most likely cause of this variation is termination of polymer 
chains. In a perfect GTP reaction, every single molecule of initiator added to the 
reaction vessel would initiate a polymer chain which would continue to polymerise 
until all monomer was depleted, resulting in a polymer with polydispersity close to 
1.05. However, perfect polymerisations do not occur in reality, and even the most 
careful preparations will suffer termination reactions due mainly to impurities 
present in reagents or on glassware. This becomes more of an issue when working 
at low concentrations of initiator. This is because it is the initiator which is 
consumed in any termination reaction (even if the initiator has polymerised a few 
times to become an oligomer it is still effectively consumed), and therefore at 
reduced [110 the effect will become more noticeable, to the point where 
polymerisation will not appear to even start at very low [110. This is perhaps the 
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phenomenon which has resulted in the data shown on Figure 6.9.d, so that at 
values of M:I above 150, kapp is approaching zero simply because a significant 
amount of the initial initiator has been consumed by impurities present in 
experimental materials. 
7.6 Mechanistic Consjderations 
7.6.1 Slow-phase Period 
Periods of slow polymerisation at the beginning of a reaction have been noted to 
occur in some anionic polymerisation reactions and are thought to result from a 
slow initiation reaction, i.e. not all initiator starts polymerising at the same time 
and therefore the polymerisation rate is slower than during normal propagation at 
the start of the reaction. "Induction periods", as they are often termed by other 
researchers, have also been noted in GTP in some cases, generally where the 
reaction rate is low. This term is ambiguous since it suggests some form of 
reaction step involving the initiator, and thus to avoid confusion this period will be 
referred to as 'slow-phase polymerisation' (see section 4.7). It could be argued that 
slow-phase polymerisation occurs in all GTP reactions, but goes unnoticed in 
faster reactions, simply due to the speed of the reaction. In experiments conducted 
at Loughborough University it was noticed that slow-phase polymerisation was 
occurring in most cases, resulting in an s-shaped conversion curve (see figure 
6.7.a). It is believed that in GTP, "induction periods" occur for the same reasons 
as in anionic polymerisation, indeed this is often cited as evidence in support of the 
dissociative mechanism which has similarities with anionic polymerisation (see 
section 2.3.4) in that it involves enolate anions in the propagation step. The 
observation of the existence of a period of slow polymerisation might be seen to 
contradict the assumption that GTP is a living polymerisation, since to satisfy the 
criteria for a living polymerisation it is assumed that initiation must be faster than 
propagation. However, if single polymer chains are considered rather than the 
polymerising mixture as a whole it is possible to see how this criteria may be 
satisfied without contradiction. It is possible that while slow-phase polymerisation 
suggests that not all initiator is immediately consumed, that which is consumed 
goes on to take part in propagation of the polymer before other initiator molecules 
have chance to initiate a polymer chain. The portion of initiator remaining then 
initiates polymerisation later in time, thus causing the apparent slow-phase 
polymerisation. Thus the assumption that GTP is a living polymerisation because 
its initiation step is faster than propagation is still valid and the narrow molecular 
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weight distribution of resulting polymers can be cited as evidence to that end (see 
section 7.2.2). 
The reason for the occurrence of slow-phase polymerisation may be more obvious 
when a schematic diagram of the equilibria at play is considered (see figure 7.6.1.a 
(this figure may also be used to represent the proposed dissociative mechanism and 
as such is a coverall scheme» . 
• 
C+I 
KI 
.. I" .. 
• 
kit + M 
Kp 
• C+ P2 .. P2 .. 
Initiation 
• 
kPl + M 
C+ P3 
Kp 
.. • 
.. P3 
Propagation 
kp ~ + M Propagation 
etc. 
Figure 7.6.1.a - Kinetic scheme for associative GTP 
As with any equilibrium, it takes a finite amount of time for the equilibrium 
• between P n and P n to balance. Until this equilibration is complete, polymerisation 
will proceed at a slower rate than would be expected for a polymerisation at 
equilibrium in normal propagation. Thus during slow-phase polymerisation, [p*] is 
increasing to reach the steady state concentration associated with its equilibrium 
state. However, slow-phase polymerisation seems to last an amount of time which 
is inconsistent with the equilibration of reaction intermediates. Slow-phase 
polymerisation is typically of the order of 100 to 600 seconds depending on the 
reaction conditions, and often continues after 10% monomer has been converted. 
As initiation is said to be faster than propagation, it would be expected that 
equilibrium would be reached well before 10% monomer has been converted. 
Consideration of the species involved in the equilibrium may account for this 
anomaly. 
When a polymerisation is started, initiator and monomer are already present in the 
reactor, and catalyst is added to start the reaction. Addition of the catalyst will 
* cause quick reaction of M with I, since there is no I in the first equilibrium (see 
scheme 7.6.1.a). While C, I, and I' are still equilibrating, a large proportion of 1* 
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• will react with monomer to form P 2, since the initiation reaction is faster than 
propagation. Therefore a portion of the initiator effectively is one step behind, and 
• is in a slower polymerisation step. This means that P 2 polymer molecules will 
polymerise quicker in propagation, and those molecules a step behind will have a 
• slower path to becoming P 2. The result of this is that equilibria take longer to 
settle and polymerisation appears to be slower in the initial stages. Of course, after 
a certain number of propagation steps, this difference will even out as equilibrium 
is reached and activity is exchanged. 
It is feasible that the apparent slow-phase polymerisation noted in benzoate-
catalyst GTP could be due to evaporation of small chain oligomers during the 
drying of samples. If this occurred, the polymerisation rate would appear to be 
lower than normaUy expected only at the beginning of the reaction. An example is 
best used to test whether this is possible. Consider a GTP reaction where [M] = 0.9 
mol/I, and [I] = 0.009 molll. As long as the polymerisation is living it is possible to 
predict that at the end of the reaction, i.e. at full conversion: 
Mn = [M]/[I] • MMAmolecular weight = 0.9/0.009 * 100.11 = 10011 (13) 
Thus at 5% conversion, at which point most polymerisation reactions can be said 
to be suffering from a slow-phase polymerisation, Mn = 500. It is possible that 
polymer chains of up to two or even three units might evaporate in the drying 
process if the drying temperature is particularly high. However, polymer with Mn 
= 500 is no more likely to evaporate than polymer with Mn = 10000. Since it is 
established that polymer chains soon reach a number average molecular weight 
beyond three units of monomer it is not possible that the apparent slow-phase 
polymerisation is due to evaporation of small chain polymers. 
Another possibility is that the slow-phase polymerisation is a manifestation of 
termination of small chain oligomers at the start of the reaction. In section 7.4.2 the 
possible causes of termination and the likelihood of its occurrence in this 
polymerisation are discussed in detail. If termination does occur due to protic 
impurities in the reaction vessel, by whatever means they may reach it, then it is 
most likely that it will occur during the first few seconds of the polymerisation, 
after which all protic impurities have been eliminated by those polymer chains 
which are terminated, and GTP continues in the normal fashion expected of a 
living polymerisation. This termination would be expected to cause an apparently 
slower polymerisation, since a fraction of the polymer chains which might 
normally undergo addition of monomer would react with protic impurities, and 
thus conversion of monomer would be lower than expected. 
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Slow-phase polymerisation usually lasts for approximately the first 10% 
conversion of monomer, and therefore it can not be ignored. Were it to represent 
only a small fraction of the overall reaction, say 4% conversion, then it might be 
neglected. However, the slow-phase period obviously has an appreciable effect on 
polymerisation and subsequently on the molecular weight of the resulting 
polymers. Thus it must be taken into account when writing a model of the GTP 
process, that this slow-phase period exists as a separate stage of GTP. 
This suggests that GTP is not as simple as researchers currently believe. Most 
papers cite equations (1) and (2), with reference to Figure 7.6.1.a, as a means of 
prediction of conversion from knowledge of an apparent rate constant. Obviously, 
during what has been identified and described by this thesis as 'slow-phase 
polymerisation', this equation is not applicable, and not capable of predicting a 
reasonable estimate of conversion. Clearly a new equation is required for this 
period. The model of GTP written and used in this thesis is based on equations 
(14) and (15). 
dM =k [MIP'] 
dt 'P for t< tsp (14) 
dM = k [M][P'] 
dt P fort> tsp (15) 
where ksp = slow-phase rate coefficient (s-l), top = slow phase period (s) = f(T, I:C, 
M:I). 
This means the polymerisation is split into two distinct phases, determined by an 
estimate of tsp (or tj as it has also been labelled). The method of estimation of tsp 
will vary, depending greatly on the monomer, initiator and catalyst used, though it 
should be possible to arrive at a suitable expression such that 
Isp = f (Temperature, [I:C]o, [M:I]o) 
for any given system of reagents. 
7.6.2 Termination 
When addition of catalyst and initiator fails to initiate polymerisation and yield is 
Iow (i.e. less than 1%) it must be assumed that termination has occurred caused by 
impurities or moisture. In experiment GAN4.05, a GTP reaction was performed in 
the usual manner but failed to yield any polymer (noted at the time by a lack of 
precipitate in methanol some 57 minutes after catalyst was first added). It was 
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suspected that when this occurs, protic impurities attack the initiator or any 
oligomers formed. To test this theory, a further amount of initiator was added at 58 
minutes, after which polymerisation began and continued until almost all monomer 
was polymerised. This suggests that initiator is consumed in the termination by 
protic impurities, whether it be in its original form or as part of a growing oligomer 
chain. It is possible that this could be a method of scavenging protic impurities in 
the reaction medium before polymerisation is begun. A predetermined amount of 
initiator could be added to scavenge trace amounts of impurity, followed by the 
required amount of initiator and catalyst as dictated by the number average 
molecular weight desired. However, in order to arrive at an amount of initiator to 
add to scavenge impurities it would be necessary to know how much impurity is 
present in the reaction medium and this in itself presents a challenge. To find out 
how much impurity is present would require an assay with the initiator, 
necessitating a gravimetric analysis of a sample of medium after addition of small 
amounts of initiator, and since this analysis is not instant (indeed it can take up to 
five hours) the process of assay would probably require over 20 hours of work-up, 
in which time the THF could easily absorb moisture and further impurities may 
enter the vessel while sampling. Needless to say this process is not viable as a 
method of purification. 
It is quite possible that, given a standard and consistent preparation of reagents and 
glassware, the amount of protic impurity remains the same from one experiment to 
the next. With this in mind, the researcher could perform a series of experiments to 
enable prediction of the amount of protic impurity present in a given experiment. 
This would require many trials in various conditions of temperature and reagent 
concentrations, and would allow prediction of an amount of initiator which could 
be added with the sole purpose of mopping up impurity in the reactor. Thus, the 
researcher would have an impurity-free reactor ready for use safe in the knowledge 
that al\ initiator added thereafter would be consumed only by the polymerisation. 
This would give more accurate results. However, this hypothesis assumes that the 
concentration of protic impurity can be predicted, which is not necessarily the case. 
This is one suggestion for future work on GTP (see section 9). Currently, of 
course, little is known as to how much termination in GTP is due to protic 
impurities, because it is difficult to assay experimentally. Any assessment of the 
magnitude of termination caused by protic impurities would be valuable to the 
field of GTP research, although it would obviously depend very much on the 
conditions and methods of reagent and materials preparations used. This is so 
crucial in determining the level of impurity that any method of prediction of 
impurity level may only work for the laboratory in which the experiments were 
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done. Despite this, even an imperfect guide as to the level of impurity would be a 
useful tool to other researchers. 
7.6.3 Adaptation of the Model to other GIP systems 
Following on from the discussions presented in section 7.6.1, it is therefore 
possible, given the model presented in this thesis, and the equations it uses, to 
adapt this model to Group Transfer Polymerisation of any monomer, using any 
initiator and any catalyst. Adaptation would simply involve three sets of trials as 
follows: 
(i) Isothermal experiments at various temperatures, all other conditions ([M]O, 
[Cl 0, [I] 0) constant, 
(ii) Isothermal experiments at various I:C, all other conditions constant, 
(iii) Isothermal experiments at various M:I, all other conditions constant. 
Using the data produced from these trials and following a similar procedure to that 
presented in section 7.7.4, a model could be produced for any GTP system at 10% 
concentration monomer in solvent. Obviously any such model would benefit from 
trials conducted over a wide range of values of each variable. It would also be 
necessary to establish which values of a and 13 were most applicable when 
predicting the molecular weight of the resulting polymers. This is a procedure 
which will be necessary for any model construction involving these equations, 
since these values can not be predicted experimentally. However, it does seem, 
from use of the model, that a and 13 can be easily estimated and give consistently 
good prediction of molecular weight for most experiments. This is shown in 
figures 6.7.c to 6.7.h. This is discussed further in section 7.7.6. 
Theoretically, further work on this model could also allow it to be used for the 
same or other systems at various concentrations of monomer in solvent (in this 
case THF). However, problems arise at concentrations over 20% monomer, since 
at high conversion the reaction medium becomes too viscous to allow efficient 
sampling, and thereby analysis of conversion. Therefore, any such study would be 
restricted to concentrations from 0 to 20 vol% monomer in solvent. 
However, if an assay technique could be adapted which did not require withdrawal 
of samples from the reactor by syringe, it might be possible to obtain kinetic 
results for higher concentrations of monomer in tetrahydrofuran. One way to do 
this would be to use a larger reactor with a specially designed sampling point 
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allowing a syringe with a larger bore needle for use as a sampling method. The 
5m1 syringes used in the experimental protocol of this study become blocked 
quickly during polymerisation at 20 vol% MMA or above. Using a needle with a 
larger bore would alleviate this problem to some extent, thereby allowing more 
reliable sampling at higher MMA concentrations. A study of how the parameters 
kapp, kappi. and tj vary for different concentrations of monomer in solvent 
tetrahydrofuran could be written into the model presented here relatively easily, 
and would provide more scope for use of the model. 
7.6.4 Alternatives to Current Thinkina- on the GIP Mechanism 
In section 7.3, the idea that the reaction mechanism is more complicated than is 
currently thought by researchers was suggested. It was proposed that either 
(i) two or more mechanisms are operating in conjunction, or 
(ii) the mechanism involves more reaction steps than is currently believed. 
The possibility of two reaction mechanisms operating in tandem could explain the 
unusual relationship between the rate coefficients and temperature. It might be that 
for TBAB-catalysed GTP, one mechanism operates in favour of the other, though 
the second mechanism still operates at a lesser rate thereby giving somewhat 
unusual results. This would folJow many researchers' opinions that certain 
mechanisms operate for certain catalysts, and could also explain why so much of 
the evidence presented for GTP is often conflicting. 
Further steps in the mechanism would essentially mean that kapp was a 
combination of two or more rate coefficients, thereby producing an unusual plot 
for In kapp versus lff. Again this is quite possibly the case, since the variation is 
only slightly different from what is normally expected of reactions which obey the 
Arrhenius Law. 
It is impossible to say where this anomalous relationship derives from, only that 
more study of the mechanism of GTP is necessary before any firm conclusions can 
be drawn. This would be a particularly good area for further work to be conducted, 
since a full understanding of the mechanism of GTP can only lead to better 
exploitation of its advantageous properties. 
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7.7 ModeUiug 
7.7.1 Computer Language 
In writing a mathematical model it is important to choose a computer language 
which suits the model. To take an extreme case as an example, a model written 
using a spreadsheet would be too rigid and would not allow the ease of use 
available through programming languages. 
TurboBasic was chosen as the most suitable computer language for programming 
since it is simple to use and is capable of coping with the memory requirements of 
the calculations involved. 
7.7.2 Algorithms 
Of the algorithms most commonly used in iterative calculations, the fourth order 
Runge Kutta equations were found to be the most suitable for this application. This 
method gives more accuracy than Euler methods or standard Runge Kutta 
algorithms, and allows larger steps to be used while maintaining accuracy [198]. 
The equations are as set out in appendix C.l. Applying the Runge Kutta method to 
equation (2) (see section 2.3.7) we find: 
1 [Ml.+1 = [Ml. +'6 (ki +2kz + 2k3 + 4) 
k =-k ·[M]·dt 1 app 
k2 = -kapp' ([M] + k.l2)· dt 
Is =-kapp '([M]+k2/2).dt 
k. = -kapp' ([M] + Is)· dt 
(16) 
(17) 
(18) 
(19) 
(20) 
Using these equations it is possible to write a model which will predict the 
concentration of monomer throughout a GTP reaction. It is necessary to select a 
suitable time step for the equations and also predict a value of kapp for the 
conditions under which the polymerisation is performed. 
7.7.3 Model EQuati on s 
In modelling a polymerisation reaction the choice of equations is obviously 
paramount. With this in mind a detailed account of how and why equations were 
selected is set out below, as well as some comments on their suitability and use. 
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7.7.3.1 Kinetic EQuations - Conversion ModelJin~ 
Mai and MUller were the first researchers to document the kinetics of GTP in any 
detail, and they arrived at the equations set out in section 2.3.7. When considering 
how these equations can be used in a model it is important to take into account 
what can and can not be measured experimentally, and with what degree of 
accuracy. Ideally, equation (1) from section 2.3.7 would be used as the equation 
for predicting conversion. Thus from values of [M] and [P"J. a rate coefficient (kp) 
• could be found from a plot of In ([M]d[M)) versus time, i.e. assuming [P ] is 
• constant However, [P ] can not be measured experimentally nor can it be 
calculated by any other means. The only variable in this equation which can be 
measured is [M] ([Mo] is already known from the starting conditions). Therefore it 
is necessary to use the simpler version as presented by Mai and MUIler, i.e., 
1 [M]. k n [M] = opl (21) 
where kapp is equal to the rate coefficient mUltiplied by [p*] which is assumed to 
• be constant. This is a valid assumption, since P i polymer chains are in equilibrium 
with Pi chains and only addition or removal of monomer will cause a change in its 
concentration. 
In MUller's paper on kinetics this model was based on the associative mechanism 
(see section 2.3.7). Since there is to date still no conclusive evidence to suggest 
that this is indeed the mechanism by which GTP works, it would be senseless to 
write a model based on one mechanism and ignore the possibilities of other 
possible mechanisms. This was an important consideration when writing the model 
for conversion, and thus equations were derived for each mechanism currently 
proposed for GTP (see Appendix C.2). It transpired that the model equation for 
monomer concentration is the same regardless of the mechanism assumed. This is 
because in all mechanisms, monomer consumption is effectively the same; 
Monomer is consumed in an irreversible reaction by some active species of some 
description. Since the concentration of this active species can not be measured 
experimentally, it is be assumed to be constant and becomes part of an apparent 
rate constant, kapp as in MUller's derivation. This assumption is a valid one, since 
only a small fraction of active polymer chains are polymerising at anyone time, 
and are in equilibrium with dormant chains. Thus the concentration of active 
species will only change if more initiator is added (or removed), or if dormant ([P]) 
* or active polymer ([P ]) chain concentration is changed. In experiments conducted 
in this work, neither initiator, dormant polymer chain or active polymer chain 
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concentrations are altered during polymerisation. However, at the very start of the 
polymerisation, their concentrations will change, since [P] and [p*] both equal zero 
at t =0. [1] will also change from [1]0 to zero at the start of the reaction as it is 
consumed in the initiation reaction. This is the only case for which the assumption 
[p*] is constant falls down. However, since initiation is very fast compared to 
propagation, the period during which initiation occurs can be considered negligible 
and will not have a significant effect on the models accuracy. 
The assumption that initiation is faster than propagation must also be justified, 
since it signifies a living polymerisation, which GTP is believed to be. This aspect 
is covered in detail in section 7.2.2. From evidence discussed in section 7.2.2 it is 
obvious that GTP is a living polymerisation mechanism and this validates the 
assumption that initiation is faster than propagation. 
One further condition for the effectiveness of the monomer conversion equation is 
that a constant temperature is maintained. If the polymerisation temperature were 
not constant, then the exothermic reaction would increase the temperature in the 
reactor and thereby cause the reaction rate to increase. A direct effect of this would 
be an increase in the rate constant kp, and consequently the apparent rate constant 
(kapp). If this were to occur, it would not be possible to calculate a reliable value of 
kapp for a given experiment. In order to construct a useful model it is necessary to 
maintain the temperature in the reactor at a predetermined level. Variability within 
±IK is deemed to be acceptable, though in most cases the temperature varies by 
less than ±O.5K. 
It was found through studies on temperature variation that the monomer 
conversion equation used was not accurate for the earlier part of the polymerisation 
(see figure 6.7.a). This is due to the rate of polymerisation being different at the 
beginning of the polymerisation, i.e., slow-phase polymerisation (see section 
7.6.1). To allow for this slow-phase polymerisation it was decided that the 
polymerisation should be split into two periods for the purpose of the model: A 
slow-phase polymerisation period and a propagation period. Thus it was necessary 
to calculate an apparent rate constant for each period and to estimate the length of 
the period itself. This was done by taking the propagation period as that part of the 
conversion curve with the steepest gradient, and therefore any points before that 
portion of the curve were regarded as in the slow-phase polymerisation period (see 
figure 6.7. b). 
155 
7.7.3.2 Molecular Wei~ht Eqyations 
The equations used for prediction of average molecular weight of the polymers 
(both Mn and Mw) are those derived by Miiller et al (see section 2.4). 
Miiller's series of papers on polymerisation kinetics and prediction of molecular 
weight distributions yielded three possible sets of equations for GTP. These are 
presented in section 2.4. The three different derivations yielded exactly the same 
equation for Pn, the number average degree of polymerisation, the only difference 
being the derivation of 13, which in any case can not be determined experimentally, 
and must be decided by the user. This means that Mn would be identical whatever 
set of equations were used. It is only in the calculation of Mw then, that prediction 
may differ, and of the three mechanisms studied by Miiller et ai, the associative 
and dissociative were identical, again except for the derivation of ,,(, y*, 0:, 13, and 
v. Thus it is only necessary to compare equations (4) and (5) to ascertain which is 
the best for modelling the system studied in this work. 
Equations (4) and (5) were used in the model for prediction of molecular weight 
for comparison of results. Using identical parameters, the difference between the 
model predicted values of Mw for equations (4) and (5) are negligible (see figure 
6.7.i). Given that these two equations predict the same value of Mw, it is easy to 
surmise that either equation could justifiably be used in a GTP model. Equation (4) 
was chosen for use in this model. 
It is possible to estimate the concentration of initiator which has been terminated 
during polymerisation, by a simple calculation of 
[llterminated = [l]o - MW*x* [M] 01 Mn (22) 
where [I]tenninated = concentration of terminated initiator, [Mlt = concentration of 
monomer at time = t. This equation was used for experiment GAN4.QI (see table 
6. I Q.a). The values of [I]tenninated show little agreement, most likely because of the 
inaccuracy of the molecular weight data. Values of Mn estimated by GPC are 
notoriously approximate and are really only intended as a guide rather than a value 
to be used in calculations. If more accurate molecular weight data were obtained 
for the polymerisation, this method of estimation of termination in GTP might 
prove fruitful. This would require a more accurate assay of molecular weight than 
simple GPC allows. 
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7.7.3.3 Ieonjnatjon 
One aspect of GTP which is not included in other researchers' model equations is 
the termination reaction. Ihis is mainly because it is difficult to estimate how 
much termination will occur in a given reaction. 
Termination in GIP is an irreversible reaction of a protic impurity with a living 
chain end, or the backbiting reaction documented by Brittain and co-workers (see 
section 23.5). It is well known that the backbiting reaction is a negligible reaction 
which can be ignored in terms of a model, but the termination of polymer chains 
by protic impurities appears to occur frequently in GIP, even when reagents and 
glassware are believed to be scrupulously dry. Ihis phenomena poses a dilemma as 
to how termination can be predicted for a given set of conditions. 
Termination in GIP is not in itself a random act, but the amount of protic impurity 
(including moisture) in a given reaction is expected to be, since every conceivable 
measure is taken to exclude impurity, and therefore any impurity in the reaction 
vessel is there by chance. 
The amount of termination which occurs in a given reaction can be gauged by the 
difference between the theoretical number average molecular weight and the actual 
number average molecular weight. From a starting concentration of initiator it is 
expected that each initiator molecule will initiate a single polymer chain in an 
ideally living polymerisation such as GTP. Thus the theoretical number average 
molecular weight can be calculated as 
(23) 
where Mn(/h,o)= Theoretical number average molecular weight, and MWMMA = 
molecular weight of MMA = 100.11. 
Ihe actual number average molecular weight (Mn) is found by analysing polymer 
samples by Gel Permeation Chromatography (GPC). This value is rarely the same 
as the theoretical value, calculated from the starting conditions of the 
polymerisation. The reason for this difference is that not all initiated polymer 
chains continue polymerising, i.e. some chains are terminated, or even initiator 
molecules are attacked by protic impurities before they can initiate polymer chains. 
Thus the difference between the theoretical and actual values is an indication of 
how many chains have been terminated by protic impurities. 
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This termination of polymer chains presents problems in a modelling context, as it 
is impossible to assess the level of protic impurity in the reaction vessel during a 
polymerisation. It is, however, possible to calculate how many polymer chains 
have been tenninated after a polymerisation. This may not help in prediction of 
tennination in other polymerisations since, as already mentioned, the level of 
protic impurity in a polymerisation is expected to be random and unpredictable. 
However, after studying numerous experiments performed under similar starting 
concentrations of reagents, it became obvious that there was a pattern to the 
termination of polymer chains in a given reaction. In each polymerisation, the 
model predicted an increase in molecular weight averages which followed a 
similar pattern to the actual results, but differed in that the predicted values were 
about 2000 to 3000 lower than the actual experimental values. This occurred 
consistently in all reactions and suggests that what was previously thought to be 
unpredictable and random is in fact predictable within a certain error. 
To incorporate a factor or term in the model which takes account of termination, it 
is important to realise what effect tennination has on the polymerisation. 
Tennination of any kind in GTP causes a decrease in the number of living polymer 
chains, and thus the remaining polymer chains will have a larger molecular weight 
than expected for a tennination-free polymerisation. Since it is not possible to 
measure anything experimentally which will allow prediction of the number of 
terminated polymer chains, and tennination does not affect the reaction rate 
characteristics significantly, it is most appropriate to include a factor in the 
molecular weight prediction equations to account for the increase in the molecular 
weight averages. Of the parameters in these equations, only a, ~ and 'Y can be 
altered in any way. ex and ~ are estimated in using the equations, and can not be 
calculated by experimental means. Therefore these would not be suitable factors to 
base a correction for tennination on. 'Y is the most suitable parameter in the 
molecular weight average equations to modify the equations for tennination during 
the polymerisation. 
y = [M]oI[1]o (24) 
It is obvious that what termination effectively does is to remove initiator from the 
polymerisation. After all, it is likely that the majority of termination occurs within 
the first few seconds of a polymerisation after which all protic impurities will have 
been 'mopped up'. Therefore, to say that tennination essentially reduces [1]0 would 
not be an outrageous suggestion, and to base a model of tennination on 'Y is the 
most suitable way to arrive at a model which will best mimic the behaviour of the 
actual polymerisation. 
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The simplest way to model the tennination of this polymerisation is to estimate 
that a certain percentage of polymer chains will be terminated within the first few 
seconds of a polymerisation, thus leaving a fraction of the initial initiator to 
continue polymerising the remaining monomer. This was written into the model by 
multiplying y by a termination factor, Ft. between 0 and 1 to represent the fraction 
of polymer chains remaining. Through attempting to fit the model to experimental 
results it was found that a value of 0.7 for Ft was most suitable. When y is 
multiplied by this value in the model, the resulting molecular weight average 
profiles (both Mn and Mw) are very close to experimental results as can be seen 
from figures 6.7.j and 6.7.k. This method provides model results which are 
consistently close to experimental results. 
The very fact that it is possible to predict the mount of protic impurity in a 
polymerisation, and that at best approximation it causes 30% of initiated polymer 
chains to terminate is a strange anomaly. This observation suggests that one of the 
reagents contains a small concentration of impurity. If the impurity were from the 
glassware, or nitrogen, or accidental exposure to air, it would be expected that 
termination would be unpredictable from one experiment to the next. However, 
since the amount of termination is predictable and is found to be best represented 
as a percentage, it is most likely that one of the reagents contains an amount of 
impurity which is escaping the drying and purifying processes used. 
7.7.3.4 Possible Causes of Initial Termination in GIP of MMA 
If the impurity source is indeed from one of the reagents it would be useful to 
establish which is the most likely candidate, as this will allow any future workers 
in this area of GTP to develop a process which can exclude all impurity from the 
reagents. 
It is unlikely that there are any impurities present in the tetrahydrofuran. 
Tetrahydrofuran is distilled from LiAlH4 straight into the reaction vessel, and, 
assuming the distiIJation is effective, there is no possibility for impurities to remain 
in it. Any protic impurities would react with the LiAl~ and thus remain in the 
reflux vessel. One other likely impurity is polytetrahydrofuran, which would not be 
expected to distil over into the reaction vessel either 
The initiator MTS is assumed to be impurity-free when supplied and never comes 
into contact with air since it is transferred from its container by syringe through a 
suba-seal. Thus it would not be expected to contain any impurity on injection into 
the reaction vessel. 
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TBAB is also used as supplied. It does come into contact with air for a short period 
while the correct amount is being weighed into the catalyst mixing vessel, and thus 
could pick up a small amount of moisture from the air. However, the catalyst 
mixing vessel is evacuated and left under vacuum for an hour after weighing, and 
this should remove any moisture picked up during weighing. 
Transfer of the catalyst from its storage vessel to the reaction vessel is difficult to 
achieve without exposing it to air, since it is imperative that the quantity used is 
known for the purpose of these studies. One way to add a component without it 
being exposed to the surrounding atmosphere is to use a break-seal. However, this 
does not allow exact control over the quantity of catalyst added. The method used 
in this work affords good control of quantity, while only exposing catalyst to air 
for a short period of time (less than 1 minute), after which it is vacuum dried. 
For large scale GTP it could be advantageous to use a break-seal for addition of 
catalyst, since control of the quantity of catalyst added might not be as strictly 
required as in kinetic analysis of GTP. Using a break seal does not allow accurate 
addition of reagents, although it does allow transfer of reagents without any air 
contact, since the break seal can be made in e.g., an argon, moisture-free 
atmosphere. For larger scale work this would be ideal, since often speed of the 
reaction is less important than its final molecular weight distribution. Thus an 
approximate addition of catalyst would be acceptable within certain limits. 
MMA is dried in a column of molecular sieve which is expected to remove all 
moisture. Of all the reagents used in this polymerisation, it is the most likely one to 
carry impurities or moisture. Tetrahydrofuran is so stringently dried and purified in 
a moisture-free atmosphere it is unlikely to contain any impurities or moisture. The 
catalyst, TBAB, is dried for one hour under vacuum and is used in such small 
amount that any low level impurity in the catalyst itself would be diluted to 
negligible levels in the final reaction mixture. It is possible that MMA has a 
consistent amount of protic impurity in it simply because of the method of drying. 
This would most likely be a small amount of impurity, i.e. not moisture, which can 
not be removed by simple drying. This is supported by the observation that a 
termination factor can be included in the model, which gives consistently accurate 
prediction of experimental results. 
Despite the inconvenience this impurity causes, it is a small amount and, since it 
can be adequately predicted for this study, does not pose any significant problems 
in the process of modelling GTP of MMA. It should be noted however that the 
level of impurity and termination experienced as a result is likely to vary from one 
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laboratory set-up to the next, since experimental protocols are difficult to copy 
exactly. 
7.7.4 Model Structure 
The GTP model for conversion of monomer was written based on the three main 
studies of behaviour of GTP with varying conditions (namely, temperature, M:I 
and I:C). In the case of the first set of studies, the relationships were simply 
obtained from a fit of data on the graph plotted from results obtained (see figures 
6.3.a to 6.3.c). For subsequent studies, it was necessary to provide a correction for 
small changes in reagent concentration. These changes, however small, must be 
taken into account, since reduction of errors within the model as much as possible 
obviously gives a more accurate prediction. 
On plotting In kapp versus Itr for the experiments in the series GAN3.09 to 
GAN3.69 (shown in Table 6.3.1) it was found that a value of kapp could be 
predicted using the following equation: 
k - (-S.028EoQT
2+2923EO"/T-0.467'3} 
app-e (25) 
The following series of experiments were all conducted with approximately 
identical conditions except the ratio of Initiator to catalyst (I:C) which was varied 
from 49 to 197. Because of the nature of these experiments, it is impossible to add 
a precise amount to the vessel. This is because all reagents are added by syringe, 
and the amount of a reagent added is determined by weighing the syringe before 
and after addition. Therefore, although concentrations are kept roughly identical, 
they can never be exactly the same. Monomer concentration, for example varies 
between 0.88 to 0.94 m01l1. Thus, to normalise the results obtained, equation (25) 
was used to predict kapp for each experiment in this series (GAN3.71 to 
GAN4.04). The experimentally estimated value of kapp was divided by the 
predicted kapp(m) value for each experiment, and these were plotted against the I:C 
ratio at which the experiment was conducted (see Figure 6.9.a), This resulted in the 
following equation: 
-o.012'1'[1]0/[CI0 ) 12585*10 1 (26) 
This was used in the form presented in equation (27) in the GTP model to 
normalise all results and as a way of incorporating an expression for kapp in terms 
ofI:C. 
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k = k * (12585* 10 -o.0121110/[C10) 
app app(m) • (27) 
This was also done for kappi and lj (see figures 6.9.b and 6.9.c) to yield equations 
(28) and (29). 
(28) 
( 
O.00559i[l)o/[C1o)) 
ti = ti(m) * 0.3608 * 10 (29) 
Nonnalisation was also necessary for experiments studying the effect of variation 
of M:I on GTP of MMA. This was accomplished in a similar manner, giving 
equations (30) to (32). 
( 
-o.0074~[M1oW1o)) 
kapp= kapp(m) * 4.825* 10 (30) 
( 
-o.00551«[M10/[I10)) 
k appi = kapp(m) * 2.156 * 10 (31) 
(32) 
Thus a value fQr kapp is calculated by the GTP model using equations (25), (27), 
and (30), represented in TurbQBasic code as belQw (see Appendix D). 
REM Calc. Apparent Rate CQnstant for prQpagation using 2nd order 
REM PQlynomial fit to. an Arrhenius plot of In k(app) Vs 1ffmp. 
131 kapp = 2.718281828459"« -5028000ffmp"2) + 29230ffmp - 46.73) 
REM Adjust for concentration of catalyst 
kapp = kapp*(12.585*(10"( -0.01274*IovC») 
REM Adjust for concentratiQn of Initiator 
kapp = kapp*(4.825*10A(-0.007448*MolIo» 
7.7.5 MQdel LimitatiQns 
MQst models based on experimental results have limitations. This model is limited 
firstly in the system of reagents and conditions used. To predict results for a GrQup 
Transfer pQlymerisation of MMA using the model presented in this thesis, that 
polymerisation must be 
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(i) a 10% solution polymerisation in tetrahydrofuran, 
(ii) initiated by MTS ([(I-methoxy-2-methyl-l-propenyl)oxy1trimethylsilane), 
(iii) catalysed by TBAB (tetrabutylammonium benzoate), and 
(iv) isothermal 
Also, because of the range of concentrations used in the experiments on which the 
model is essentially based, the model is limited to use in the ranges 
(i) 50 < [M1 0: [110 < 200, 
(ii) 40 < [l1o:[Clo < 200, 
(iii) 250K < temperature < 340K. 
The model may be useful outside these ranges, but any predicted results should be 
treated with caution, as they may not be as reliable as those predicted for 
conditions within the ranges set out above. 
Of course, even though this model has been written and designed to predict results 
relatively accurately within the ranges outlined above, it must be remembered that 
the GTP model is no more than an estimation of what actually occurs, and that its 
predictions should be treated with the correct degree of care. 
7.7.6 Model Testin Il 
In using any model with a step change based algorithm it is important to choose a 
suitable step change period which is deemed to give accurate results. In the case of 
this model, the algorithm is based on time, and the step change is noted as dt. It 
would be foolish to expect good results from a dt of, say 100 seconds, since some 
of the reaction conducted were virtually complete in 150 seconds. Likewise, a low 
value of dt, such as 0.0001 seconds would leave the algorithm iterating for hours 
possibly with little improvement in accuracy over a more sensible value of dt. 
For this algorithm a value of dt = 0.1 was chosen for general modelling purposes 
(although this value can be changed with each run of the model) because this gives 
good accuracy while keeping the model run-time at a tolerable level. The model 
was used to predict values of Mn and conversion for experiment GAN4.14 at 
different values of dt. The results can be seen in Figures 6.7.1 (Mn) and 6.7.m 
(conversion) which have been expanded to show a magnified area of the curves to 
highlight the very small differences. These figures show that even at dt = 20 the 
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accuracy of the model is not far from dt=O.O I, and that dt=O.1 is indeed an 
acceptable value of dt to use, not being far from the values given for dt=O.Ol. 
The GTP model written and presented in this thesis was tested by using it to 
predict values of Mn, Mw and conversion for three different experiments, namely 
GAN3.85, GAN4.01 and GAN4.20. These are presented in figure 6.7.c to 6.7.h 
and 6.7.j and 6.7.k. 
It seems for GAN3.85 that the values a = 0.5, 13 = I fit the experimental data well 
when used in the model, as do a = 0.1,13 = 5. However, a better fit for data seems 
to be obtained for GAN4.01 when a = 0.05, 13 = 4 and for GAN4.20 when a = 
0.04,13 =3. From these figures the vales of a and 13 which best fit data produced in 
the experiments performed during this study are 
a'" 0.05,13 '" 4. 
Referring back to the original equations for molecular weight on which the model 
is based, i.e., equations (3) and (4), 
* a = [P ]/[1]0, and B = kexlkp. 
The values of a and B which work best in the GTP model suggest that 
[P*] = 0.05 * [1]0 
kex=4*kp 
This finding has important implications and reveals vital clues as to how the 
mechanism occurs, at least for TBAB-catalysed GTP. It suggests that 1I2Oth of 
initiated polymer chains are actually undergoing polymerisation reactions at any 
time, a theory many researchers have proposed. It also implies that exchange of 
activity between the polymer chains is occurring four times faster than 
propagation. This would seem to be necessary to maintain a relatively narrow 
molecular weight distribution. 
Overall then, ouly a small fraction of polymer chains are undergoing 
polymerisation during GTP at any time, yet polymer chains exchange activity 
regularly. 
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8 Conclusions 
(i) Benzoate-catalysed GTP is highly sensitive to moisture and impurities. The 
necessity for stringent purification of reagents and drying of glassware is essential. 
Tetrahydrofuran is particularly susceptible to contamination by moisture. 
(ii) Despite efforts to exclude moisture and impurities, GTP of MMA suffers from 
tennination of polymer chains due to minute amounts of impurity. This 
termination reaction involves either 1* or Pn * thereby causing a decrease in the 
number of polymer chains. A tenninated polymerisation can be 'revived' by 
adding more initiator. 
(Hi) GTP is a living polymerisation. This is supported by evidence presented in 
section 7 which satisfies five of the seven criteria set out in section 2.1.2 for living 
polymerisation. The remaining two (6 and 7) could not be satisfied by the scope of 
this research, however, many researchers have produced data in support of block 
copolymers and chain-end functionality with respect to GTP. 
(iv) There is an unusual relationship between the apparent rate coefficient (kapp) 
and temperature for GTP of MMA catalysed by TBAB and initiated by MTS. It is 
concluded that the GTP mechanism for this system of reagents is more complex 
than is currently believed. This anomaly is a result of either 
(a) two or more mechanisms operating in conjunction, or 
(b) a more complicated reaction mechanism. 
(v) Changes in the ratio of [Mlo:[llo have little effect on the apparent rate 
coefficient, although at high M:I there is an apparent reduction in rate due to 
termination becoming more significant. 
(vi) There is a distinct period at the beginning of GTP of MMA during which 
polymerisation proceeds at a slowed rate. This has been termed 'Slow-phase 
period' . 
(vii) A model of the system researched has been written which will predict the 
outcome of a GTP reaction. It works within the following limitations: 
a) a 10% solution polymerisation of MMA in tetrahydrofuran, 
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b) initiated by MTS ([(1-methoxy-2-methyl-l-propenyl)oxy]trimethylsilane), 
c) catalysed by TBAB (tetrabutylammonium benzoate), and 
d) isothermal 
e) 50 < [M] 0: [1]0 < 200, 
f) 40 < [I]o:[C]o < 200, 
g) 250K < temperature < 340K. 
This model predicts conversion, number average molecular weight, and weight 
average molecular weight for a polymerisation. It is based on the system 
researched, yet can be adapted to most GTP systems. 
(viii) The values a ",0.05, ~ '" 4 provide the best fit to data when used in the GTP 
model. This implies that 
[P*] = 0.05 * [I] 0 
and 
lcex =4 * kp 
From this observation it can be concluded that only a small fraction (5%) of 
polymer chains are undergoing polymerisation at anyone time and that exchange 
of activity between dormant and active polymer chains occurs at four times the 
speed of propagation. 
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9 Further Work 
The following are suggestions for further work in the field of GTP, mainly 
stimulated by work on this thesis. 
(i) 'Livingness Enhancers', or co-catalysts as they are also called, have really only 
been touched upon in past research (see section 2.2.3). These reagents are believed 
to scavenge protic impurities thereby improving the living nature of a 
polymerisation. Given the extent of termination the system studied appears to 
suffer, this would be a useful area of research which may lead to partial or even 
complete alleviation of the slow-phase period. 
(ii) The induction period, or slow-phase period as it has been termed in this study, 
is an unusual phenomenon which will require much work before it is fully 
understood. A closer look at induction periods and why they exist for some 
systems and not others should prove a fruitful area of research; do they occur in all 
cases but go unnoticed because of the speed of a reaction? Also what is happening 
mechanically during an induction period? Some theories and ideas have been laid 
out in this thesis, but they are far from conclusive. 
(iii) There are a number of ways in which the model presented in this thesis could 
be expanded and developed to allow a wider range of polymerisations by GTP of 
MMA to be modelled. One area would be the study of non-isothermal GTP 
reactions. Obviously this would be complicated by the variation of kinetics as 
temperature increases, but would prove more interesting to those aiming at an 
industrial polymerisation using GTP, since control of temperature for a large scale 
GTP is unlikely to give an isothennal reaction. 
(iv) It has been mentioned in this thesis that it would be possible to adapt this 
model to other GTP systems quite simply through a small series of isothermal 
trials (see section 7.6.3). This would be beneficial, not only for its obvious worth 
in prediction of data for that system, but also as further support of this model and 
Miiller's equations for molecular weight different catalysts and initiators. 
Cv) The model presented in this thesis is based on a 10% solution GTP of MMA, 
and is really only of use in predicting other 10% solution GTP of MMA. This is 
obviously a limitation of the model. Although it is difficult to assay samples of 
higher monomer concentration polymerisations, it may be possible using 
alternative techniques of analysis, or conducting, say six identical experiments 
which could be tenninated at different times, thereby giving results at different 
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time intervals. The most challenging aspect of such a study would be isothermal 
control of such a highly exothermic reaction which is over in a matter of seconds 
when performed in bulk. This could be approached by using low levels of catalyst 
concentration, although obviously this would limit any model constructed from 
such a work. Alternatively, the concentration of monomer could be limited to 
allow adequate control of temperature. 
(vi) The somewhat unusual relationship between kapp and temperature discussed in 
section 7.3 is an interesting anomaly which requires further study. A number of 
proposals are set out in this thesis as to the possible cause of this phenomenon, 
which would be a good starting point for further study on the variation of the 
apparent rate constant as temperature changes. Such studies might even shed more 
light on the real mechanism at work during GTP. 
(vii) As outlined in sections 2.3 and 2.8, there have been many disputes and valid 
arguments proposed for the mechanism by which GTP works, yet no one 
mechanism has been convincingly proven, and much conflicting evidence has been 
reported. It is proposed in section 7.3 that GTP might work by a combination of 
these mechanisms, i.e., that two mechanisms may be operating in tandem (e.g., 
associative, and dissociative). This could explain the unexpected relationship 
between kapp and temperature, as reported in this thesis. Further work on 
mechanistic studies of GTP is obviously necessary for progress in this area. 
(viii) It is possible that the termination which appears to be inherent in GTP of 
MMA could be predicted. When termination occurs early on in the reaction due to 
impurities, it is the initiator which is consumed. A series of studies on how much 
initiator is consumed in these early stages might prove fruitful as a means of 
predicting the amount of protic impurity present, thereby allowing further 
experiments to be conducted by adding an extra amount of initiator commensurate 
with the amount believed to be consumed by impurities. 
(ix) It is likely that many of the unsuccessful experiments covered in this thesis 
were affected by moisture in the air coming into contact with reagents or syringe 
needles during transfer of reagents to the reaction vessel. One way of avoiding this 
would be to conduct experiments in an air- and moisture-free atmosphere. This 
would be a useful improvement to the protocol set out in section 5, where 
resources permit the use of such a facility. 
(x) Increasing the scope of use of the model presented in this thesis would be a 
useful exercise requiring only a small amount of further experiments which were 
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not possible during this work due to limited resources. Experiments conducted at 
lower temperatures would be particularly useful, as would experiments at lower 
[1]0 and [C]o. 
(xi) It is proposed in section 7.3 that the GTP mechanism is more complicated than 
is currently thought by researchers in the field. Further work to test this theory 
would certainly be useful, possibly by proving that intermediates from both 
dissociative and associative mechanisms exist in the same polymerisation. 
(xii) Group transfer alternating copolymerisation is an interesting discovery (see 
section 2.1.5.2) which has not been documented in any detail, yet its usefulness in 
production of copolymers appears to hold great potential. 
(xiii) The use of catalyst supported on polystyrene beads mentioned briefly in 
section 2.2.2.2 is an interesting concept. An obvious next step would be to pack a 
column with catalyst-loaded beads and attempt a semi-continuous GTP process by 
passing a monomer and initiator solution through the column. This would prove 
interesting as a research project and is something which has not been reported. 
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10 Glossae' of Terms 
* indicates an activated initiator or polymer 
[ 1 brackets indicate concentration of a reagent 
A = Arrhenius constant 
C = catalyst 
cat = catalyst 
[Cl = concentration of catalyst (molll) 
[Clo = concentration of catalyst at t = 0 (molll) 
Dp = polydispersity 
DMF = 1,1 dimethylformamide 
DME = N,N di-methoxy ethane 
EA = activation energy (J/mol) 
GPC = Gel Permeation Chromatography 
GTP = Group Transfer Polymerisation 
I = initiator 
• I = active initiator-catalyst complex 
I:C = ratio of initiator to catalyst 
[I) = concentration of initiator (molll) 
[1)0 = concentration of initiator at t = 0 (mol/l) 
[I)tenninated = concentration of initiator terminated 
k = reaction rate coefficient 
kapp = apparent rate coefficient (s·l) 
kapp[m] = apparent rate constant predicted by the model (s -1) 
kappi = apparent rate coefficient during induction period (s·l) 
kex = exchange coefficient for equilibrium between dormant and active polymer 
species 
ki = rate coefficient for initiation 
kp = rate coefficient for propagation 
• Ki = equilibrium coefficient for activation of initiator 
• Kp = equilibrium coefficient for activation of polymer 
LiAlIL! = lithium aluminium hydride 
M=monomer 
M:I = ratio of monomer to initiator 
Mn = number average molecular weight 
Mn(theo) = Theoretical number average molecular weight 
Mw = weight average molecular weight 
[M) = concentration of monomer (mol/l) 
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[M]o = concentration of monomer at t = 0 (molll) 
MMA = methyl methacrylate 
MTS = methyl trimethylsilyl ketene acetal (initiator) 
MW = molecular weight 
MW MMA = molecular weight of MMA = 100.11 
Nu - = nucleophilic catalyst 
Pi = dormant polymer with i monomer units 
p* = active catalyst - polymer complex 
Pi' = active catalyst - polymer complex with i monomer units 
Pie = Cyclised polymer 
PMMA = poly (methyl methacrylate) 
Pn = Polymer of chain length n 
R = the gas constant = 8.31451 JK-'mor' 
Rp = rate of polymerisation (molls) 
S = solvent 
t = time (s) 
t;. = slow-phase polymerisation period (s) 
TBAB = tetra butyl ammonium benzoate 
THF = tetrahydrofuran 
UTMS = dimethyl urea trimethyl silene 
x = fractional conversion 
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Appendix A - Results 
The results from all experiments conducted are presented in the following pages. 
Each experiment is identified by a number, such as GANl.Ol. Where there appears 
to be missing numbers these results have been omitted because polymerisation did 
not occur and as such there is no result. 
Some experiments do not have results for molecular weight averages. This is either 
because it is not necessary for the purposes of the experiment, there was not 
enough polymer to analyse, or the experiment was not a useful one. 
Experiments whose results are qualitative, not quantitative, are outlined in 
Appendix A.3. 
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Table A.1 a - GANl a.5 Solvent studies (tetrahydrofuran) 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
660 0.1316 1.7316 [M] = 1.99 moll I 
840 0.1342 1.7264 [I] = 0.00629 moll I 
1080 0.3342 1.3276 [Cl = 0.0000639 molll 
1350 0.4579 1.0809 T varied from 284 to 299K 
1860 0.8789 0.2415 20% MMA in THE 
Table A 1 b - GANl a 7 - THE 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
330 0.0514 0.8966 [M] = 0.945 molll 
1020 0.671 0.3110 [I] = 0.00981 moll) 
1740 0.8968 0.0975 [Cl = 0.0000996 molll 
2640 0.9612 0.0367 T = 294K 
3600 1 0.0000 
Table A.l.c - GANl b.7 - Toluene 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
360 0.0012 0.9440 [M] = 0.945 molll 
960 0.0012 0.9440 [I] = 0.00981 molll 
1620 0.0036 0.9418 [Cl = 0.0000996 molll 
2580 0.0021 0.9432 T = 296.35K 
3540 0.0076 0.9380 
10440 0.522 0.4518 
Table A 1 d - GANl c 1 - Chlorobenzene 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
780 0.0041 0.9413 [M] = 0.945 moll) 
1740 0.0435 0.9041 [IJ = 0.00981 motlt 
3240 0.0745 0.8748 [Cl = 0.0000996 molll 
5280 0.082 0.8677 T = 300.5K 
Table A.1.e - GANl b.B - Toluene 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
600 0.0024 0.9429 [M] = 0.945 molll 
1560 0.0046 0.940B [I] = 0.00981 molll 
2460 0.0017 0.9436 [Cl = 0.0000996 molll 
3240 0.0146 0.9314 T = 294K 
10380 0.0476 0.9002 
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Table A 1 f - GAN1 d,2 - OME 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
450 0,3464 0,6178 [M] = 0,945 molll 
1020 0,3362 0,6274 [I] = 0,00981 moll I 
1980 0,3219 0.6409 [Cl = 0,0000996 moll! 
4500 0.408 0.5595 T = 288K 
Table A 1 g - GAN1d,3 - OME 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
90 0.1073 0,8438 [M] = 0,945 moll I 
510 0.1374 0.8153 [I] = 0,00981 molll 
1200 0.3366 0.6270 [Cl = 0.0000996 molll 
2100 0.4637 0,5069 T = 280.5K 
Table A.l h - GAN 1 c 3 - Chlorobenzene 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
480 0.0018 0.9435 [M] = 0.945 molll 
1860 0,0639 0,8848 [I] = 0.00981 moll! 
3840 0.1888 0.7667 [C} = 0,0000996 mol/t 
5520 0.233 0.7249 T = 284,7K 
Table A.1,j - GAN1 b,9 - Toluene 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
870 0,0104 0.9353 [M} = 0.945 molll 
1560 0,0103 0.9354 [I} = 0,00981 molll 
2880 0.1212 0.8306 [Cl = 0,0000996 mol/l 
3660 0.1717 0,7829 T = 280K 
5640 0.243 0,7155 
17400 0,2867 0,6742 
Table A 1 i - GAN 1 c.4 - Chlorobenzene 
time (s) x [M} M(n) M(w) O(p) Conditions (at t=O) & Comments 
60 0,0702 0,8788 [M] = 0.945 molll 
1200 0,2626 0,6970 [I] = 0.00981 mot/t 
2100 0.4435 0.5260 [Cl = 0,0000996 mol/t 
3240 0.6433 0,3371 T = 282,35K 
4620 0.7062 0,2777 
7020 0,7645 0.2226 
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Table A,l,k - GAN1 e - Oimethoxyethane 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
480 0,0394 0,9079 [M] = 0,945 molll 
930 0.4048 0,5626 [I] = 0,00981 molll 
1980 0,7207 0,2640 [Cl = 0,0000996 mol/l 
2940 0,7809 0,2071 T = 281K 
4260 0,7799 0,2080 
5400 0,7821 0,2060 
Table A.1 I - GAN 1 b,l1 - Toluene 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
900 0,009 0,9367 [M] = 0,945 molll 
1920 0,1438 0,8093 [I] = 0,00981 molll 
2760 0,3723 0,5933 [Cl = 0,0000996 molll 
3540 0.4404 0,5289 T = 281,65K 
10800 0,5167 0.4568 
1440 0,5187 0.4549 
Table A.1,m - GAN2 5 (Fison's MMA) 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
600 0,2396 0,7187 [M] = 0,945 molll 
1140 0,6675 0,3143 [I] = 0,00981 molll 
1920 0,807 0,1824 [Cl = 0,0000996 molll 
2820 0,9835 om 56 T = 299K 
5340 0,9909 0,0086 
Table A 1 ,n - GAN3,04 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
330 0,1236 0,8284 [M] = 0,945 molll 
960 0,7537 0,2328 [I] = 0,00981 molll 
2280 0,7174 0,2671 [C) = 0,0000996 mol/l 
3600 0,7554 0,2312 T = 301K 
4920 0,7102 0,2739 
Table A,l ,0 - GAN3 05 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
330 0,3976 0,5694 [M] = 0,945 molll 
870 0,9272 0,0688 [I] = 0,00981 moll I 
1920 1 0,0000 [C) = 0,0000996 molll 
T = 296K 
200 
Table A,1 P - GAN3,07 
time (s) x ' [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
240 0,1343 0,8182 [M] = 0,945 molll 
390 0,2917 0,6695 [I] = 0,00981 molll 
570 0.4788 0.4926 [Cl = 0,0000996 molll 
750 0,6459 0,3347 T = 296K 
960 0,7581 0,2286 
1200 0,8536 0,1384 
1380 0,8822 0,1113 
1650 0,9269 0,0691 
1860 0,9284 0,0677 
2490 0,9396 0,0571 
Table A.l,q - GAN3 08 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
270 0,5948 0,3830 [M] = 0,945 molll 
600 0,8791 0,1143 [I] = 0,00981 molll 
800 0,9719 0,0266 [Cl = 0,0000996 molll 
1060 1 0,0000 T = 277,15K 
Table A 1 r - GAN3.l 0 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
150 0.4659 0,5048 [M] = 0,945 molll 
220 0,7006 0,2830 [I] = 0,00981 molll 
345 0,8894 0,1045 [Cl = 0,0000996 molll 
470 0,9693 0,0290 T = 293,35K 
580 1 0,0000 
Table A,J.s - GAN3,21 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
920 0,0186 0,9276 [M] = 0,945 molll 
1155 0,0418 0,9057 [I] = 0,00981 molll 
1790 0,1452 0,8079 [Cl = 0,0000996 molll 
2440 0,2601 0,6993 T = 293,75K 
Table A,1 ,t - GAN3,22 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
132 0,2802 0,6803 [M] = 0,945 molll 
365 0,3184 0,6442 [I] = 0,00981 molll 
440 0.4259 0,5426 [Cl = 0,0000996 molll 
525 0.4707 0,5003 T = 291,15K 
660 0,5818 0,3953 
750 0,6549 0,3262 
910 0,7597 0,2271 
201 
Table A.1.u - GAN3.24 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
90 0.1171 0.7855 [M] = 0.890 molll 
210 0.3291 0.5969 [I] = 0.00915 mol/l 
380 0.6702 0.2934 8200 14600 1.7805 [Cl = 0.0000930 mol/l 
530 0.8372 0.1448 12700 17700 1.3937 T = 291.1 5K 
700 0.9344 0.0584 11100 18900 1.7027 
845 1 0.0000 
Table A.l.v - GAN3 25 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
110 0.0135 0.8530 [M] = 0.865 mol/l 
210 0.11 56 0.7647 [I] = 0.00903 mol/l 
330 0.0587 0.8139 [Cl = 0.0000917 mol/l 
420 0.1136 0.7665 T = 275.15K 
680 0.1977 0.6937 
938 0.3365 0.5737 
1230 0.4055 0.5141 
1530 0.5536 0.3860 
1960 0.6537 0.2994 
2460 0.8267 0.1498 
Table A.l.w - GAN3 26 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
140 0.0478 0.8545 [M] = 0.897 molll 
250 0.1461 0.7663 [I] = 0.00919 mol/l 
380 0.2654 0.6592 [Cl = 0.0000934 molll 
650 0.3543 0.5795 T = 283.15K 
885 0.5642 0.3911 
1190 0.632 0.3302 
1525 0.7126 0.2579 
2110 0.7272 0.2448 
2748 0.714 0.2567 
Table A.l.x - GAN3 27 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
125 0.2791 0.6266 [M] = 0.869 moll I 
225 0.6433 0.3101 9300 14000 1.5054 [I] = 0.00919 mol/l 
420 0.9002 0.0867 9900 17500 1.7677 [Cl = 0.0000922 molll 
560 1 0.0000 10400 18700 1.7981 T = 303.15K 
202 
Table A 1 Y - GAN3.28 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
103 0.2024 0.7603 [M] = 0.953 molll 
240 0.6491 0.3345 [I] = 0.0101 molll 
380 0.846 0.1468 [Cl = 0.000103 molll 
544 0.9523 0.0455 T = 313.1 5K 
663 1 0.0000 
Table A.l.z - GAN3.29 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
53 0.0223 0.8559 [M] = 0.875 molll 
124 0.095 0.7922 [I] = 0.00922 molll 
197 0.2148 0.6874 [Cl = 0.0000936 molll 
285 0.3345 0.5826 T = 323.15K 
366 0.4221 0.5059 
490 0.5047 0.4336 
610 0.5973 0.3525 
730 0.6503 0.3061 
860 0.6582 0.2992 
1080 0.6838 0.2768 
Table A.1.aa - GAN3.30 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
60 0.0194 0.9352 [M] = 0.954 molll 
133 0.13 0.8297 [I] = 0.00876 molll 
210 0.2981 0.6694 [Cl = 0.0000884 molll 
300 0.4301 0.5435 T = 322.65K 
400 0.5335 0.4449 
515 0.605 0.3767 
620 0.6376 0.3456 
745 0.6739 0.3110 
900 0.7038 0.2825 
1024 0.7238 0.2634 
Table A.l.ab - GAN3 31 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
64 0.2316 0.7022 [M] = 0.914 molll 
150 0.8791 0.1105 [I] = 0.00851 molll 
205 1 0.0000 [Cl = 0.0000865 molll 
T = 333.15K 
203 
Table A.l,ac - GAN3,32 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
60 0,0067 0,9447 [M] = 0,951 mol/l 
135 0,3268 0,6403 [I] = 0,00928 mol/l 
180 0,5631 0.4 155 [C) = 0,0000943 molll 
350 0,7126 0,2733 T = 333,1 5K 
281 0,7013 0,2841 
325 0,835 0,1569 
380 0,885 0,1094 
430 0,9251 0,0712 
485 0,9239 0,0724 
673 0,9718 0,0268 
Table A.l,ad - GAN3 36 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
60 0,2057 0,7199 [M] = 0,906 molll 
120 0,695 0,2764 9700 18300 1,8866 [I] = 0,009501 mol/l 
170 0,84 0,1450 10100 16400 1,6238 [C) = 0,0000965 molll 
217 0,9099 0,0817 T=333,15K 
260 0,9428 0,0518 17100 21900 1,2807 
308 0,9724 0,0250 
362 0,9868 0.Q120 12700 22400 1.7638 
420 1 0,0000 17600 22600 1,2841 
Table A.l,ae - GAN3 37 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
140 0,0799 0,8552 [M] = 0,929 molll 
453 0.4964 0.4681 7720 13800 1,7876 [I] = 0,00927 molll 
542 0,6264 0,3472 10800 16500 1,5278 [C) = 0,0000942 mol/l 
677 0,7038 0,2753 T = 283,15K 
816 0,786 0,1989 11700 19000 1,6239 
917 0,8412 0,1476 14000 20300 1.45 
990 0,8753 0,1159 
1148 0,9356 0,0599 
1303 0,9529 0,0438 15900 22100 1,3899 
204 
Table A.1.af - GAN3.38 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
162 0.02 0.9446 [M] = 0.964 molll 
440 0.1568 0.8127 [I] = 0.0117 molll 
678 0.324 0.6516 6190 10000 1.6155 [Cl = 0.000119 molll 
870 0.4439 0.5360 7790 12100 1.5533 T = 274.85K 
1056 0.5328 0.4503 
1312 0.6547 0.3328 
1468 0.6826 0.3059 11800 16800 1.4237 
1631 0.674 0.3142 
1864 0.7498 0.2412 15000 19000 1.2667 
2412 0.8406 0.1536 11700 18800 1.6068 
Table A 1 ag - GAN3.39 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) &.Comments 
60 0.1793 0.7798 [M] = 0.950 molll 
122 0.6566 0.3263 [I] = 0.Q1 04 moll I 
578 0.8561 0.1367 [Cl = 0.0001 07 molll 
T = 318.65K 
Table A 1 ab - GAN3.42 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
98 0.1655 0.7951 [M] = 0.953 molll 
187 0.3486 0.6206 [I] = 0.0194 mol/l 
317 0.6991 0.2867 [Cl = 0.0000985 molll 
435 0.8359 0.1563 T = 281.1 5K 
555 0.9382 0.0589 
683 1 0.0000 
Table A.1.ai - GAN3 43 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
60 0.1516 0.7419 [M] = 0.875 molll 
133 0.5585 0.3861 [I] = 0.0136 mol/l 
202 0.8354 0.1439 [Cl = 0.0000920 molll 
263 0.9454 0.0477 T = 291.15K 
321 0.9931 0.0060 
377 1 0.0000 
205 
Table A.1.aj - GAN3 44 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
103 0.0668 0.7146 [M] = 0.766 molll 
168 0.1442 0.6553 [I] = 0.Q181 molll 
223 0.2395 0.5823 [Cl = 0.0000917 molll 
309 0.3591 0.4907 T = 291.1 5K 
381 0.4806 0.3977 
450 0.5804 0.3213 
522 0.6644 0.2570 
601 0.7247 0.2108 
672 0.7903 0.1606 
849 0.8432 0.1201 
Table A.1 ak - GAN3.46 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
214 0.0554 0.9113 [M] = 0.965 molll 
415 0.2221 0.7505 [I] = 0.00966 molll 
687 0.4732 0.5082 [Cl = 0.0000982 moll I 
904 0.6145 0.3719 9230 16500 1.7876 T = 277.65K 
1190 0.7346 0.2560 
1483 0.8198 0.1738 9800 20400 2.0816 
1673 0.86 0.1351 13100 21700 1.6565 
1842 0.8968 0.0996 10000 21600 2.16 
1932 0.9024 0.0942 
2196 0.9228 0.0745 11200 22500 2.0089 
Table A.l.al - GAN3.47 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
217 0.0242 0.8859 [M] = 0.908 molll 
350 0.1277 0.7919 [I] = 0.00961 molll 
535 0.265 0.6673 [Cl = 0.0000923 molll 
720 0.4015 0.5433 T = 277.65K 
976 0.5494 0.4091 
1156 0.6367 0.3298 
1333 0.6982 0.2740 
1474 0.7282 0.2468 
1623 0.7841 0.1960 
2112 . 0.8545 0.1321 
206 
Table A,l,am - GAN3.48 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
157 0,0673 0,8484 [M] = 0,9096 mol/l 
259 0,2072 0,7211 [I] = 0,009250 mol/l 
344 0,3602 0,5819 [Cl = 0,00009398 mol/l 
416 0.4986 0.4561 T = 291,15K 
504 0,5917 0,3714 
597 0,6897 0,2822 
672 0,7593 0,2189 
757 0,8177 0,1658 
839 0,863 0,1246 
989 0,9139 0,0783 
Table A.l an - GAN3.49 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
58 0,0202 0,8719 [M] = 0,890 molll 
180 0,3134 0,6110 [I] = 0,00947 mol/l 
293 0,6162 0,3416 [Cl = 0,0000962 mol/l 
356 0,718 0,2510 T = 303,1 5K 
409 0,7868 0,1897 
460 0,8381 0,1441 
525 0,8798 0,1070 
598 0,9017 0,0875 16100 23000 1.4286 
654 0,9701 0,0266 13800 23600 1,7101 
793 0,9828 0,0153 16100 24700 1,5342 
Table A 1 ao· GAN3 50 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
54 0,1228 0,7820 [M] = 0,891 mol/l 
124 0,6886 0,2776 8460 14600 1,7258 [I] = 0,0103 mol/l 
193 0,8818 0,1054 8030 17400 2,1669 [Cl = 0,0001 05 mol/I 
269 0,9683 0,0283 13600 20000 1.4706 T = 333,15K 
334 1 0,0000 12600 20400 1,619 
Table A.1,ap • GAN3 51 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
132 0,0366 0,8843 [M] = 0,9179 mol/l 
356 0,2255 0,7109 [I] = 0,00956 mol/l 
552 0,4185 0,5338 [Cl = 0,0000971 molll 
699 0,5376 0.4244 T = 283,15K 
907 0,6448 0,3260 
1124 0,7321 0,2459 
1460 0,8126 0,1720 
1811 0,8726 0,1169 
2090 0,9111 0,0816 
2380 0,937 0,0578 
207 
Table A.1.aq - GAN3 52 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
56 0.0255 0.8947 [M] = 0.918 molll 
141 0.1538 0.7769 [I] = 0.00938 molll 
202 0.3112 0.6324 [Cl = 0.0000953 molll 
263 0.4387 0.5153 T=291.15K 
375 0.6776 0.2960 7490 15200 2.0294 
445 0.7377 0.2408 10400 17000 1.6346 
528 0.829 0.1570 
627 0.8597 0.1288 12200 19400 1.5902 
765 0.9451 0.0504 14300 20400 1.4266 
857 0.9387 0.0563 14300 21000 1.4685 
Table A.1.ar - GAN3 53 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
157 0.0714 0.8566 [M] = 0.923 molll 
350 0.3218 0.6256 [I] = 0.00951 molll 
570 0.6074 0.3622 9680 15700 1.6219 [Cl = 0.0000966 molll 
817 0.8187 0.1672 12100 19300 1.595 T = 283.15K 
1043 0.8897 0.1017 12800 21000 1.6406 
1370 0.9974 0.0024 11500 22500 1.9565 
1577 1 0.0000 14200 23500 1.6549 
Table A 1 as - GAN3.54 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
276 0.0609 0.9462 [M] = 1.01 molll 
634 0.2754 0.7301 [I] = 0.00899 mol/l 
851 0.3992 0.6054 [Cl = 0.0000640 molll 
1208 0.541 0.4625 T = 283.15K 
1536 0.6398 0.3630 
1827 0.709 0.2932 
2096 0.7474 0.2545 
2420 0.7903 0.2113 
2807 0.823 0.1784 
3069 0.838 0.1632 
208 
Table A.l.at - GAN3 58 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
1303 0.0707 0.8547 [M] = 0.920 molll 
2409 0.1547 0.7775 [I] = 0.00961 molll 
3480 0.2803 0.6620 [Cl = 0.0000977 molll 
4743 0.3304 0.6159 T = 252.65K 
5783 0.4052 0.5471 
6743 0.4421 0.5131 
7910 0.4826 0.4759 
9155 0.5089 0.4517 
10589 0.5293 0.4329 
12143 0.5454 0.4181 
Table A.1.au - GAN3.59 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
1655 0.0264 0.8709 [M] = 0.895 molll 
3902 0.033 0.8650 [I] = 0.00933 molll 
5795 0.0336 0.8645 [Cl = 0.0000947 molll 
8105 0.0351 0.8631 T = 255.15K 
12856 0.037 0.8614 
Table A.1.ay - GAN3.60 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
3601 0.0037 1.0159 [M] = 1.02 molll 
[I] = 0.00889 molll 
[Cl = 0.0000903 molll 
T = 253.15K 
Table A 1 aw - GAN3.61 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
672 0.1644 0.8139 [M] = 0.974 molll 
1292 0.3875 0.5966 9260 14400 [I] = 0.00876 molll 
1800 0.4555 0.5304 [Cl = 0.0000890 moll I 
2369 0.563 0.4256 11700 18700 T = 268.75K 
3026 0.6275 0.3628 
3602 0.6773 0.3143 11900 22200 
4210 0.7133 0.2793 
4771 0.7327 0.2604 16700 24100 
5444 0.746 0.2474 
6450 0.7545 0.2391 16800 25500 
209 
Table A l,ax - GAN3,62 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
1159 0,2537 0,6803 [M] = 0.912 mol/l 
2347 0.5486 0.4115 10500 15300 [I] = 0,00960 molll 
3629 0.7247 0.2510 12900 18700 [Cl = 0.0000975 molll 
4677 0.7744 0.2056 T = 263.95K 
5936 0.8295 0.1555 15400 21900 
6785 0.8658 0.1223 
8145 0,8802 0,1092 14300 23100 
9267 0,9031 0,0883 
10130 0,9169 0.0757 15400 24200 
Table A,l.ay - GAN3,63 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
677 0.0628 0.8526 [M] = 0.910 molll 
1407 0,1246 0,7964 [I] = 0,00940 mol/l 
2660 0.2635 0.6700 [Cl = 0.0000955 mol/l 
4048 0,3692 0.5739 T = 259.45K 
5752 0.4343 0.5147 
7796 0.4881 0.4657 
8897 0.4815 0.4717 
10149 0.486 0.4676 
11291 0.4868 0.4669 
12160 0.4635 0.4881 
Table A 1.az - GAN3,64 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
365 0.0099 0.9056 [M] = 0.9147 molll 
765 0.0106 0.9050 [I] = 0.009363 mol/l 
1080 0.0115 0.9042 [Cl = 0.00009512 mol/l 
1541 0.0239 0.8929 T = 258.55K 
1838 0.0218 0.8948 
2468 0,037 0.8809 
3259 0.0353 0.8824 
210 
Table A.1 ba - GAN3 65 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
323 0.0418 0.8558 [M] = 0.8931 moIlI 
620 0.1045 0.7998 [I] = 0.0093059135 molll 
859 0.1401 0.7680 [Cl = 0.000094533863 molll 
1165 0.2135 0.7024 T = 268.35K 
1536 0.2916 0.6327 
1890 0.318 0.6091 
2373 0.3636 0.5684 
3037 0.3713 0.5615 
3600 0.3714 0.5614 
4375 0.3672 0.5651 
5220 0.3769 0.5565 
5867 0.3687 0.5638 
9671 ·0.3725 0.5604 
10605 0.3464 0.5837 
12665 0.3752 0.5580 
14324 0.3748 0.5584 
16240 0.3775 0.5559 
Table A.1 bb - GAN3 66 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
331 0.0545 0.8725 [M] = 0.9228 moIlI 
620 0.1308 0.8021 [I] = 0.009338 molll 
927 0.2062 0.7325 [Cl = 0.00009486 moIlI 
1307 0.3017 0.6444 T = 268.95K 
1643 0.3778 0.5741 
2210 0.499 0.4623 
2811 0.5474 0.4176 
3444 0.6012 0.3680 
4495 0.651 0.3220 
5565 0.673 0.3017 
6505 0.6944 0.2820 
7358 0.7026 0.2744 
8142 0.7001 0.2767 
9570 0.6899 0.2861 
11308 0.8734 0.1168 
Table A 1 be - GAN3.67 
time (5) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
21120 0.0055 0.8551 [M] = 0.8598 molll 
[I] = 0.008959 molll 
[Cl = 0.00009101 molll 
T = 254.15K 
211 
Table A.l bd - GAN3.71 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
262 0.1471 0.7822 [M] = 0.9171 moll I 
677 0.567 0.3971 [I] = 0.00941 molll 
1108 0.6566 0.3149 [Cl = 0.0001912 molll 
1341 0.6954 0.2793 T = 273.65K 
1998 0.7322 0.2456 
2307 0.7231 0.2539 
2781 0.7346 0.2434 
3178 0.7266 0.2507 
3735 0.7375 0.2407 
4491 0.7188 0.2579 
Table A.l be - GAN3.72 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
128 1 0.0000 [M] = 0.9344 molll 
[I] = 0.009448 molll 
[Cl = 0.0003839 molll 
T = 273.15K 
Not truly isothermal 
Table A.1 bf - GAN3 73 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
439 0.0094 0.9389 [M] = 0.9479 mol/l 
1003 0.0122 0.9363 [J] = 0.009631 molll 
1706 0.0217 0.9273 [Cl = 0.00004892 molll 
3700 0.0494 0.9010 T = 272.45K 
5850 0.1139 0.8399 
8578 0.1307 0.8240 
11925 0.1324 0.8224 
15223 0.1303 0.8244 
19140 0.1286 0.8260 
96840 0.1316 0.8231 
Table A.l bg - GAN3 74 
time (s) x [M] M(n) Mew) O(p) Conditions (at t=O) & Comments 
340 0.0336 0.8834 [M] = 0.9141 mol/l 
677 0.107 0.8163 [I] = 0.009591 molll 
991 0.1795 0.7500 [Cl = 0.00006820 molll 
1405 0.284 0.6545 T = 272.95K 
1863 0.3909 0.5568 5400 9600 1.7778 
2560 0.5611 0.4012 
2702 0.563 0.3995 7500 12500 1.6667 
3326 0.6455 0.3241 8300 13700 1.6506 
4085 0.7155 0.2601 , 
5090 0.7822 0.1991 10000 16500 1.65 
6382 0.8347 0.1511 10400 17500 1.6827 
212 
Table A ] bh - GAN3,75 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
]0] 0,9488 0,0483 [M] = 0,943] molll 
]72 0,8] 52 0,]743 [I] = 0,009462 molll 
228 0,8092 0,]799 [Cl = 0,0002883 moll I 
275 0,8736 0,1192 T = 272,1 5K 
323 0,9104 0,0845 Not truly isothermal 
380 0,9605 0,0373 
430 0,9869 0,0124 
480 0,9988 0,0011 
529 1 0,0000 
Table A.1,bi - GAN3 76 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
576 0,3878 0,5687 [M] = 0,9290 molll 
1165 0,7106 0,2689 9830 15200 1,5463 [I] = 0,009095 molll 
]584 0,853 0,]366 12900 ]7600 1,3643 [Cl = 0,00009239 molll 
1724 0,8823 0,1093 14500 18200 1,2552 T = 273,1 5K 
1972 0,933 0,0622 13900 19000 1,3669 
2165 0,9601 0,0371 14400 19700 1,3681 
2279 0,9818 0,0169 
2391 0,957 0,0399 16300 20100 1,2331 
2565 1 0,0000 13100 19900 1.5191 
Table A.1,bj - GAN3.77 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
173 0,2444 0,6980 [M] = 0,9238 molll 
278 0,2463 0,6963 [I] = 0,009044 molll 
358 0,2484 0,6944 [Cl = 0,0001286 molll 
445 0,2419 0,7004 T = 272,85K 
633 0,2473 0,6954 
786 0,2437 0,6987 
940 0,2421 0,7002 
1130 0,2509 0,6920 
1341 0,2444 0,6980 
1656 0,2458 0,6968 
2253 0,244 0,6984 
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Table A,l,bk - GAN3 78 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
393 0,0067 0,8691 [M] = 0,8750 molll 
1000 0,0085 0,8675 [I] = 0,009359 moll I 
1800 0,0]88 0,8585 [Cl = 0,00005282 molll 
2792 0,0435 0,8369 T = 272,85K 
3611 0,0623 0,8204 
5405 0,069 0,8146 
7365 0,0685 0,81 SO 
9224 0,0688 0,8148 
Table A l,bl- GAN3,80 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
73 0,1159 0,7522 [M] = 0,8508 moll) 
150 0,232 0,6534 [I] = 0,009383 molll 
224 0,3335 0,5671 [Cl = 0,0001906 moll) 
310 0.4872 0.4363 8080 11800 1.4604 T = 273,1 5K 
388 0,5874 0,3510 9630 13200 1,3707 
467 0,6706 0,2803 10800 14500 1,3426 
543 0,7286 0,2309 10600 15200 1.434 
614 0,7796 0,1875 10000 15800 1.58 
689 0,7955 0,1740 12400 16700 1,3468 
844 0,8993 0,0857 13000 18400 1.4154 
Table A 1 bm - GAN3,81 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
215 0,0654 0,8710 [M] = 0,9320 molll 
383 0,123 0,8173 [I] = 0,009434 molll 
615 0,2266 0,7208 [Cl = 0,0001211 molll 
810 0,3098 0.6433 T = 272,95K 
991 0,3996 0,5596 
1802 0.4903 0,4750 
1414 0,5425 0.4264 
1673 0.6066 0,3666 
2064 0,7118 0,2686 
2761 0,7359 0,2461 
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Table A.1.bn - GAN3.83 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
130 0.0664 0.8512 [M] = 0.9118 molll 
225 0.0891 0.8305 [I] = 0.009273 moll I 
329 0.1613 0.7647 [Cl = 0.0001130 molll 
421 0.2199 0.7113 T = 272.85K 
545 0.2841 0.6527 
701 0.393 0.5534 
854 0.4969 0.4587 7590 12500 1.6469 
1177 0.599 0.3656 9180 14800 1.6122 
1670 0.7817 0.1990 9980 17600 1.7635 
1995 0.8554 0.1318 11000 19100 1.7364 
2572 0.9303 0.0636 12000 20600 1.7167 
Table A.1.bo - GAN3 84 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
270 0.0103 0.8982 [M] = 0.9075 molll 
720 0.0494 0.8627 [I] = 0.009713 molll 
1353 0.1625 0.7601 [Cl = 0.00006512 molll 
1971 0.2613 0.6704 T = 272.85K 
2585 0.3862 0.5571 5860 9820 1.6758 
3540 0.5113 0.4435 6350 12100 1.9055 
4548 0.6222 0.3429 8150 14100 1.7301 
5556 0.6752 0.2948 8670 15200 1.7532 
6676 0.7201 0.2540 
8944 0.728 0.2469 9240 16500 1.7857 
10388 0.6872 0.2839 
Table A.1.bp - GAN3.85 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
320 0.072 0.8483 [M] = 0.9141 molll 
686 0.2203 0.7127 [I] = 0.009256 molll 
950 0.311 0.6298 [Cl = 0.00009403 molll 
1275 0.4054 0.5435 T = 272.85K 
1525 0.4729 0.4818 7690 13800 1.7945 
1854 0.5713 0.3919 8450 16000 ·1.8935 
2210 0.6484 0.3214 12000 18500 1.5417 
2527 0.6609 0.3100 10900 18500 1.6972 
2937 0.737 0.2404 11800 20700 1.7542 
3574 0.7875 0.1942 12900 22000 1.7054 
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Table A.1.bq - GAN3.86 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
95 0.0257 0.8984 [M] = 0.9221 molll 
187 0.0731 0.8547 [I] = 0.008988 molll 
347 0.1687 0.7666 [Cl = 0.0001187 molll 
502 0.2859 0.6585 5840 9740 1.6678 T = 273.15K 
605 0.3892 0.5632 7130 11600 1.6269 
799 0.484 0.4758 7400 13200 1.7838 
1009 0.6371 0.3346 8230 15700 1.9077 
1236 0.7162 0.2617 10400 17900 1.7212 
1470 0.7941 0.1899 14700 20000 1.3605 
1836 0.8509 0.1375 12100 21200 1.7521 
Table A.1.br - GAN3.88 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
385 0.2012 0.7040 [M] = 0.8813 mol/l 
762 0.528 0.4160 [I] = 0.009240 molll 
1134 0.7255 0.2419 [Cl = 0.0001104 mol/l 
1535 0.8993 0.0887 10800 18800 1.7407 T = 272.85K 
1844 0.954 0.0405 12400 19600 1.5806 
Table A.1 bs - GAN3.89 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
271 0.008 0.8895 [M] = 0.8966 mol/l 
580 0.0446 0.8567 [I] = 0.009007 molll 
855 0.1168 0.7919 [Cl = 0.0001220 molll 
1217 0.2016 0.7159 T = 273.05K 
1673 0.3176 0.6119 
2295 0.4177 0.5221 
Table A.l bt - GAN3 90 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
287 0.1172 0.7750 [M] = 0.8779 mol/l 
630 0.4297 0.5007 [I] = 0.009177 mol/l 
785 0.448 0.4846 9140 12400 1.3567 [Cl = 0.0001332 molll 
996 0.557 0.3889 10700 14700 1.3738 T = 273.45K 
1220 0.6468 0.3101 11100 16500 1.4865 
1611 0.8195 0.1585 15100 20000 1.3245 
216 
Table A.l bu - GAN3,91 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
133 0,048 0,8584 [M] = 0,9017 molll 
263 0,0999 0,8116 [I] = 0,009468 molll 
356 0,2086 0.7136 [Cl = 0,0001443 molll 
448 0,2679 0,6601 T = 273,15K 
535 0,3211 0,6121 
632 0,3896 0,5504 8780 12600 1.4351 
811 0,5206 0.4323 10800 15400 1.4259 
934 0,5867 0,3727 13100 17100 1,3053 
1092 0,6557 0,3104 14000 18400 1,3143 
1290 0,7392 0,2352 15700 20400 1,2994 
Table A,l ,bv - GAN3,92 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
407 0,0087 0,9358 [M] = 0,9434 molll 
1022 0,0275 0,9180 [I] = 0,009319 molll 
1551 0,0472 0,8994 [Cl = 0,00007972 molll 
2463 0,1034 0,8464 T = 272,55K 
3709 0,1184 0,8322 
Table A 1 ,bw - GAN3,93 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
298 0,0151 0,8779 [M] = 0,8913 molll 
756 0,0233 0,8706 [I] = 0,009660 molll 
860 0,0763 0,8233 [Cl = 0,00008921 molll 
1540 0,1961 0,7166 T = 272.75K 
1872 0,2656 0,6546 
2620 0,3953 0,5390 8660 12600 1.455 
2951 0.4479 0.4921 9370 14000 1.4941 
3345 0.4963 0.4490 10300 14600 1.4175 
3512 0,5411 0.4090 11600 15900 1,3707 
Table A,l ,bx - GAN3,94 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
335 0,0047 0,9433 [M] = 0,9477 molll 
693 0,0103 0,9380 [I] = 0,009156 molll 
1351 0,0421 0,9078 [Cl = 0,00007833 molll 
1835 0,0915 0,8610 T = 272,75K 
3245 0,1551 0,8007 
4648 0,1507 0,8049 
5762 0,1424 0,8128 
7772 0,1384 0,8166 
9516 0,1393 0,8157 
217 
Table A.1 by - GAN3.95 . 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
845 0.0012 0.9243 [M] = 0.9254 mol/l 
1190 0.0032 0.9225 [I] = 0.009594 mol/l 
2381 0.0087 0.9174 [Cl = 0.00007797 mol/l 
4262 0.0138 0.9127 T = 272.15K 
5435 0.0174 0.9093 
7921 0.0161 0.9105 
86220 0.0169 0.9098 
Table A.l.bz - GAN3.96 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
478 0.0155 0.8945 [M] = 0.9086 mol/l 
879 0.0523 0.8611 [I] = 0.009332 molll 
1410 0.1129 0.8060 [Cl = 0.00008126 mol/l 
2212 0.2096 0.7182 T = 272.55K 
2913 0.2914 0.6439 
3555 0.3664 0.5757 
4564 0.4365 0.5120 
5256 0.4774 0.4748 
5755 0.5073 0.4477 
6053 0.5149 0.4408 9650 18900 1.9585 
Table A.l .ca - GAN3.97a 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
253 0.0454 0.8605 [M] = 0.9015 molll 
697 0.1881 0.7319 [I] = 0.009186 molll 
1030 0.3376 0.5971 8170 11400 1.3953 [Cl = 0.0001094 molll 
1597 0.5333 0.4207 10700 16100 1.5047 T = 273.15K 
2768 0.7973 0.1827 15900 22100 1.3899 
Table A 1 eb - GAN3.97b 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
321 0.3898 0.7459 22000 29200 1.3273 [M] = 1.222 mol/l 
667 0.403 0.7298 19200 28500 1.4844 [I] = 0.01332 mol/l 
1157 0.4081 0.7235 [Cl = 0.0001724 mol/l 
1894 0.4076 0.7241 T = 272.65K 
2726 0.4079 0.7238 
Table A.l.ee - GAN3.98 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
714 0.0314 0.8981 [M] = 0.9272 mol/l 
1252 0.0489 0.8819 [I] = 0.009664 mol/l 
2154 0.074 0.8586 [Cl = 0.00006200 molll 
4760 0.087 0.8465 T = 272.75K 
7367 0.1033 0.8314 
218 
Table A.1,cd - GAN3 99 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
372 0,0074 0,8768 [M] = 0,8833 mol/I 
1214 0,0235 0,8626 [I] = 0,009364 molll 
2108 0,1077 0,7882 [C) = 0,00005596 mol/I 
3045 0,1238 0,7740 T = 272,75K 
4546 0,2062 0,7012 
6202 0,2528 0,6600 
8551 0,2613 0,6525 
11024 0,2653 0,6490 5460 9530 1,7454 
14420 0,2673 0,6472 
18010 0,2658 0,6485 
75325 0,307 0,6121 5500 9380 1,7055 
Table A,l,ce - GAN4,OO 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
1008 0,008 0,8917 [M] = 0,8989 mol/I 
2209 0,034 0,8684 [I] = 0,009195 molll 
3776 0,0916 0,8166 [C) = 0,00004916 mol/l 
5961 0,163 0,7524 T = 272.15K 
9482 0.1992 0.7199 4420 7420 1.6787 
13292 0.2021 0.7173 4100 7140 1.7415 
16434 0,2026 0.7168 4250 7300 1.7176 
19350 0,2039 0.7156 4430 7410 1,6727 
74202 0,2356 0.6871 
Table A.l .et - GAN4 OJ 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
649 0,0511 0,8577 [M] = 0,9039 molll 
1267 0.1328 0.7838 [I] = 0.009377 mol/I 
1771 0,2098 0,7142 4630 6760 1.46 [C) = 0,00006495 mol/I 
2430 0.3096 0.6240 5330 8120 1.5235 T = 273.15K 
3263 0.4145 0,5292 6640 9980 1.503 
3995 0.4975 0.4542 7560 11300 1.4947 
4802 0.562 0.3959 7790 12300 1.5789 
6050 0,6359 0.3291 9640 14100 1.4627 
7292 0,6787 0.2904 9710 14800 1.5242 
9860 0.7891 0.1906 10100 15700 1.5545 
219 
Table A.1 cg - GAN4.02 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
646 0.0076 0.9040 [M] = 0.9110 molll 
1338 0.0087 0.9030 [I] = 0.009734 molll 
2371 0.0235 0.8895 [Cl = 0.00004944 molll 
3594 0.0415 0.8731 T = 272.95K 
5590 0.0611 0.8553 
7377 0.061 0.8554 
9348 0.0627 0.8538 
11357 0.0617 0.8547 
14284 0.0638 0.8528 
76260 0.094 0.8253 
Table A.1.ch - GAN4.03 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
708 0.0096 0.8752 [M] = 0.8837 molll 
1435 0.0173 0.8684 [I] = 0.009450 molll 
2386 0.037 0.8510 [Cl = 0.00005400 molll 
6044 0.0709 0.8210 T = 273.05K 
5350 0.1128 0.7840 
7604 0.1468 0.7540 
11051 0.1904 0.7154 
14610 0.1858 0.7195 
Table A 1 cj - GAN4.04 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
60S 0.007 0.9688 [M] = 0.9756 molll 
1231 0.Q179 0.9581 [I] = 0.009548 molll 
2058 0.0517 0.9251 [Cl = 0.00005196 molll 
3131 0.1148 0.8636 3060 5260 1.719 T = 272.55K 
4272 0.1854 0.7947 3970 6940 1.7481 
5942 0.2836 0.6989 5440 9310 1.7114 
8075 0.3797 0.6052 6760 11800 1.7456 
10661 0.4539 0.5328 6160 13300 2.1591 
14364 0.4877 0.4998 7970 14600 1.8319 
18086 0.4907 0.4969 6550 14300 2.1832 
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Iable A.l.ci - GAtH.06 
• 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
173 0.0084 0.8769 [M] = 0.8843 moll I 
612 0.0298 0.8580 [I] = 0.005169 moll I 
1039 0.0734 0.8194 [Cl = 0.00005250 molll 
1423 0.1438 0.7572 T = 282.75K 
2610 0.2263 0.6842 
3498 0.2437 0.6688 
4716 0.2507 0.6626 
6955 0.2467 0.6662 
8315 0.2472 0.6657 
9878 0.2476 0.6654 
Iable A.l.ck - GAN4 07 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
186 0.1103 0.7872 [M] = 0.8848 molll 
367 0.4865 0.4544 4990 7870 1.5772 [I] = 0.01038 molll 
532 0.4839 0.4567 6090 10200 1.6749 [Cl = 0.0001055 molll 
713 0.5996 0.3543 8610 12600 1.4634 T = 283.1 5K 
838 0.698 0.2672 8370 13300 1.589 
1062 0.7833 0.1917 8320 14500 1.7428 
1175 0.8486 0.1340 8080 15100 1.8688 
1257 0.863 0.1212 8850 15400 1.7401 
1332 0.8719 0.1133 8300 15600 1.8795 
1455 0.8954 0.0926 10300 16400 1.5922 
Iable A,1.c1- GAN4 08 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
138 0.0439 0.8518 [M] = 0.8909 mol/l 
219 0.104 0.7983 [I] = 0.01214 molll 
331 0.2056 0.7078 [Cl = 0.0001233 molll 
421 0.2707 0.6498 T = 283.45K 
600 0.4461 0.4935 
688 0.4597 0.4814 6030 8990 1.4909 
879 0.6207 0.3379 
1046 0.7081 0.2601 7000 11200 1.6 
1271 0.782 0.1942 7400 12200 1.6486 
1711 0.9049 0.0847 10200 13900 1.3627 
221 
Table A 1 cm - GAN4.09 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
212 0.0076 0.8869 [M] = 0.8937 molll 
772 0.0367 0.8609 [I] = 0.006417 mol/l 
1035 0.1525 0.7574 [Cl = 0.00006519 molll 
1565 0.2441 0.6755 T = 283.75K 
2211 0.3239 0.6042 
2864 0.3741 0.5594 
3636 0.4103 0.5270 
4722 0.4262 0.5128 
5926 0.4275 0.5116 
8524 0.4275 0.5116 
Table A 1 en - GAN4.l 0 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
538 0.0081 0.8934 [M] = 0.9007 molll 
1048 0.0126 0.8893 [I] = 0.004373 mol/l 
1965 0.0254 0.8778 [C] = 0.00004424 molll 
3255 0.0255 0.8777 T = 283.85K 
Table A.1 co - GAN4 11 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
547 0.0463 0.8417 [M] = 0.8826 molll 
1292 0.4885 0.4514 [I] = 0.007204 mol/l 
1758 0.2595 0.6536 [Cl = 0.00007318 molll 
2461 0.3378 0.5844 T = 283.85K 
2999 0.3779 0.5491 t(i) = 500s 
3644 0.4189 0.5129 8320 17900 2.1514 k(app) = 0.000159 
4471 0.4345 0.4991 
5406 0.4545 0.4815 
6893 0.4561 0.4800 10500 20700 1.9714 
9632 0.4548 0.4812 8350 20000 2.3952 
Table A.l.cp - GAN4.1 3 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
893 0.0558 0.8331 [M] = 0.8823 molll 
2400 0.1565 0.7442 [I] = 0.005971 molll 
4065 0.1744 0.7284 [Cl = 0.00006066 molll 
6185 0.1126 0.7830 T = 282.65K 
9592 0.175 0.7279 
13003 0.1732 0.7295 
17154 0.1728 0.7298 
79740 0.1713 0.7312 
222 
Table A,l eq - GAN4,14 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
99 0,0225 0,8650 [M] = 0,8849 molll 
240 0,095 0,8009 [I] = 0,01277 mol/l 
476 0,2512 0,6626 [C) = 0,0001297 molll 
746 0.4181 0,5149 5410 7580 1.4011 T = 283,85K 
990 0,5312 0.4149 5930 8790 1.4823 t(i) = 180 s 
1267 0,6325 0,3252 7080 10200 1,4407 k(appi) = 0,000230 
1673 0,7197 0,2480 8970 11700 1,3043 k(app) = 0,000824 
2387 0,7944 0,1819 8990 12700 1.4127 
3037 0,8588 0,1250 9500 13700 1.4421 
3960 0,8948 0,0931 10300 14300 1,3883 
Table A,l er - GAN4,1 5 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
101 0,0235 0,7912 [M] = 0,8103 molll 
236 0,1038 0,7262 [I] = om 395 molll 
364 0,174 0,6693 [C) = 0,0001414 molll 
546 0,2349 0,6199 3690 5180 1.4038 T = 283,35K 
751 0,3657 0.5140 4190 6110 1.4582 t(i) = 100 s 
90S 0.4235 0.4671 4580 6700 1.4629 k(app) = 0.000503 
1140 0.4673 0.4316 5060 7380 1.4585 
1445 0,5254 0.3846 5680 8240 1.4507 
1750 0.5699 0.3485 5950 8820 1.4824 
2435 0.7039 0,2399 6100 9490 1.5557 
Table A.1,es - GAN4 16 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
168 0.0128 0.8566 [M] = 0,868 molll 
404 0,0421 0.8312 [I] = 0,0168 molll 
804 0,0846 0,7943 4060 6190 1,5246 [C) = 0,000171 molll 
1153 0.1171 0.7661 4920 7430 1.5102 T = 283.1 5K 
1663 0.1415 0.7449 5720 8790 1.5367 k(app) = 0.000568 
2142 0.1087 0.7734 6030 9490 1,5738 
2781 0.1073 0.7746 5570 9730 1.7469 
3435 0.1493 0.7382 5840 9590 1.6421 
4102 0.138 0.7480 5910 9840 1.665 
5020 0.1321 0.7531 5910 9680 1.6379 
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Table A,1.ct - GAN4 17 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
154 0,0]94 0,8541 [M] = 0,871 molll 
348 0,0712 0,8090 [I] = 0,0155 moll I 
623 0,1608 0,7309 [Cl = 0,000157 molll 
1211 0,2711 0,6349 T = 283,1 5K 
1902 0,2976 0,6118 
2503 0,3029 0,6072 
3017 0,2968 0,6125 
3800 0,2989 0,6107 
4820 0,2965 0,6128 
5796 0,2979 0,611 5 
Table A.1,cu - GAN4 1 8 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
276 0,0657 0,9199 [M] = 0,985 molll 
550 0,1873 0,8002 [I] = 0.Q137 molll 
943 0,3725 0,6179 5120 7850 1,5332 [Cl = 0,000140 molll 
1253 0.4633 0,5284 6040 9330 1,5447 T = 283,1 5K 
1551 0,5351 0.4578 6410 10500 1,6381 k(app) = 0,000518 
1955 0,6193 0,3748 7970 12100 1,5182 t(i) = 200 s 
2466 0,661 0,3338 7710 13000 1,6861 
3376 0,7201 0,2756 9170 14600 1,5921 
4182 0,7357 0,2602 8790 15100 1.7179 
6074 0,7548 0,2414 8700 15300 1,7586 
Table A.1 cy - GAN4.19 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
112 0,5625 0,3829 [M] = 0,875 molll 
192 0,8523 0,1293 [I] = 0.Q1 08 molll 
303 1,0365 0,0000 [C] = 0,000110 molll 
T = 283.45K (poor control) 
Table A 1 cw - GAN4,20 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
61 0,0584 0,8219 [M] = 0,873 molll 
139 0,1468 0,7448 4130 7490 1,8136 [I] = 0,00702 moll I 
214 0,2512 0,6536 5620 10400 1.8505 [Cl = 0,0000713 molll 
281 0,3953 0,5278 6750 13100 1,9407 T = 283,65K 
351 0,509 0.4286 8150 15200 1,865 k(app) = 0,00275 
417 0,5943 0,3541 8010 16300 2,035 k(appi) = 0,00115 
482 0,6594 0,2973 8520 17400 2,0423 t(i) = 150 s 
556 0,7043 0,2581 8930 18300 2,0493 
621 0,6793 0,2799 9450 19200 2,0317 
800 0,7582 0,2111 10300 21300 2,068 
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Table A 1 ex - GAN4 21 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
127 0.0289 0.8597 [M] = 0.885 moll I 
465 0.0797 0.8147 [I] = 0.00478 mol/l 
884 0.1535 0.7494 [Cl = 0.0000486 molll 
1571 0.1917 0.7156 T = 283.1 5K 
2449 0.1914 0.7158 k(app) = 0.000138 
3631 0.1917 0.7156 
5310 0.1934 0.7141 
9019 0.1842 0.7222 
12424 0.1932 0.7142 
76140 0.1963 0.7115 
Table A.1 .cy - GAN4 22 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
79 0.0838 0.8208 [M] = 0.896 mol/l 
149 0.198 0.7185 [I] = 0.00714 mol/l 
218 0.3357 0.5951 [Cl = 0.0000726 mol/l 
289 0.4743 0.4709 T = 283.65K 
363 0.5941 0.3636 k(app) = 0.00282 
436 0.7315 0.2405 t(i) = 75 s 
557 0.7616 0.2136 11100 21000 1.8919 
630 0.8279 0.1542 12500 22100 1.768 
725 0.8613 0.1243 10300 22400 2.1748 
1046 0.9318 0.0611 9990 23700 2.3724 
Table A.1 cz - GAN4.23 
time (5) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
113 0.0384 0.8619 [M] = 0.896 molll 
346 0.135 0.7753 [I] = 0.00523 mol/l 
705 0.2654 0.6584 [Cl = 0.0000531 mol/l 
1135 0.3383 0.5931 T = 283.15K 
1473 0.3546 0.5785 k(app) = 0.000377 
1981 0.3524 0.5805 
2880 0.3487 0.5838 
3383 0.3507 0.5820 
4208 0.3505 0.5822 
Table A 1 da - GAN4.24 
time (s) x [M] M(n) M(w) D(p) Conditions (at t=O) & Comments 
265 0.0332 0.8619 [M] = 0.892 molll 
665 0.109 0.7944 [I] = 0.00483 molll 
1145 0.1643 0.7451 [Cl = 0.0000491 molll 
1863 0.182 0.7293 T = 283.1 5K 
2615 0.1816 0.7296 k(app) = ??????? 
3429 0.1731 0.7372 
4800 0.1833 0.7281 
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Table A.l db - GAN4,26 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
372 0,1713 0,7342 [M] = 0,886 molll 
578 0,2779 0,6397 8370 16600 1,9833 [I] = 0,00631 molll 
1238 0.4315 0,5037 10200 23100 2,2647 [Cl = 0,0000641 molll 
2136 0.4636 0.4752 9830 24900 2,5331 T=283,15K 
2891 0.4556 0.4823 k(app) = 0,000455 
3823 0,5159 0.4289 
5080 0.4559 0.4820 
6000 0.4644 0.4745 
Table A.l de - GAN4,28 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
594 0,0303 0,8788 [M] = 0,906 molll 
1448 0,0656 0,8468 [I] = 0,00401 molll 
3123 0,0689 0,8439 [Cl = 0,0000407 molll 
T = 282,75K 
Table A 1 ,dd - GAN4,30 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
143 0,0018 0,8599 [M] = 0,861 molll 
550 0,0181 0,8459 [I] = 0,00501 molll 
2181 0,1537 0,7290 [Cl = 0,0000509 molll 
3147 0,1529 0,7297 T = 283,65K 
4683 0,1533 0,7294 
7143 0,1536 0,7291 
Table A 1 de - GAN4,31 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
478 0,01327 0,8700 [M] = 0,882 molll 
792 0,01135 0,8716 [I] = 0,00462 molll 
1575 0.01333 0,8699 [Cl = 0,0000469 molll 
2259 0,0112 0,8718 T = 283,25K 
3337 0,01161 0,8714 
4562 0,01112 0,8719 
Table A,1,df - GAN4,32 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
405 0,0588 0,8341 [M] = 0,886 molll 
850 0,1131 0,7860 [I] = 0,00558 molll 
1804 0,1156 0,7838 [Cl = 0,0000568 molll 
2916 0,116 0,7834 T = 283,85K 
3934 0,1187 0,7810 
5305 0,1177 0,7819 
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Table A 1 dg - GAN4.33 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
110 0.0633 0.9574 [M] = 1.02 molll 
243 0.3068 0.7085 8480 16400 1.934 [I] = 0.00880 molll 
326 0.4939 0.5173 10000 23200 2.32 [Cl = 0.0000894 molll 
399 0.6129 0.3957 11800 26900 2.2797 T = 283.1 5K 
477 0.6867 0.3202 16900 30200 1.787 k(app) = 0.00319 
536 0.757 0.2484 16500 32500 1.9697 k(appi) = 0.000595 
609 0.8046 0.1997 13500 33400 2.4741 to) = 1 SO 
687 0.8455 0.1579 13300 34800 2.6165 
759 0.8612 0.1419 18200 37100 2.0385 
Table A.1.db - GAN4.34 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
126 0.0439 0.8690 [M] = 0.909 molll 
683 0.3988 0.5464 11200 27000 2.4107 [I] = 0.00674 molll 
992 0.5333 0.4242 14700 34200 2.3265 [Cl = 0.0000684 molll 
1108 0.5669 0.3937 15500 36500 2.3548 T = 283.1 5K 
1287 0.5921 0.3707 17100 38600 2.2573 k(app) = 0.000701 
1505 0.6238 0.3419 14900 39300 2.6376 
1972 0.6293 0.3369 11300 40900 3.6195 
2086 0.648 0.3199 
Table A.l.dj - GAN4.36 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
145 0.1855 0.7258 4810 8950 1.8607 [M] = 0.891 molll 
216 0.3198 0.6061 [I] = 0,0] 07 molll 
278 0.4398 0.4992 [Cl = 0.000109 molll 
337 0.5211 0.4267 7720 15200 1.9689 T = 283.15K 
399 0.5654 0.3872 8520 16400 1.9249 k(app) = 0.00256 
435 0.619 0.3394 7980 17000 2.1303 
484 0.6398 0.3210 10200 18200 1.7843 
538 0.6278 0.3316 8590 18100 2.1071 
1291 0.8296 0.1518 10300 22600 2.1942 
Table A.l.dj - GAN4 37 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
94 0.0253 0.8548 [M] = 0.877 molll 
202 0.0763 0.8101 [I] = 0.00822 molll 
320 0.1857 0.7141 5180 11800 2.278 [Cl = 0.0000835 molll 
403 0.2668 0.6430 7020 15300 2.1795 T = 283.15K 
540 0.3721 0.5507 9220 18200 1.974 k(app) = 0.000940 
661 0.4371 0.4937 8890 20700 2.3285 k(appi) = 0.000395 
767 0.4952 0.4427 10000 22200 2.22 t(i) = 200 s 
902 0.5531 0.3919 14000 25100 1.7929 Molecular weight results for 
1167 0.6177 0.3353 12000 26800 2.2333 sample GAN4.37/4 are fallible 
1634 0.6634 0.2952 11700 29900 2.5556 
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Table A 1 dk - GAN4,38 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
141 0,0568 0,8391 [M] = 0,8896 molll 
213 0,1407 0,7645 [I] = 0,007753 molll 
312 0,219 0,6948 [Cl = 0,00007876 molll 
384 0,2977 0,6248 8660 17000 1,963 T = 283,1 5K 
464 0,379 0,5525 9320 19400 2,0815 k(app) = 0,001052 
545 0.4452 0.4936 10800 21800 2,0185 t(i) = 100 s 
70S 0,5324 0.4160 11300 24500 2,1681 
1007 0,647 0,3140 11400 28700 2,5175 
1295 0,7112 0,2569 16300 32500 1,9939 
1924 0,774 0,2011 15900 35400 2,2264 
Table A 1 dl- GAN4,39 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
73 0,0477 0,8653 [M] = 0,909 molll 
149 0,1012 0,8167 [I] = 0,0]29 molll 
221 0,2387 0,6917 5350 9360 1.7495 [Cl = 0,000131 molll 
300 0.4114 0,5348 6560 12400 1,8902 T = 283,1 5K 
370 0.4672 0.4841 8420 14100 1,6746 k(app) = 0,002149 
461 0,5685 0,3921 9440 16100 1.7055 k(appi) = 0,000716 
560 0,6641 0,3052 9630 17500 1,8172 t(i) = 140 s 
770 0,76 0,2181 12400 19500 1,5726 
921 0,7829 0,1973 10700 19800 1,8505 
1380 0,8105 0,1722 9760 20300 2,0799 
Table A.1,dm - GAN4.40 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
58 0,0504 0,8154 [M] = 0,859 molll 
133 0,1752 0,7082 3740 7710 2,0615 [I] = 0,0144 molll 
187 0,2443 0,6489 [Cl = 0,000147 molll 
242 0,3371 0,5692 6520 11100 1,7025 T = 283,15K 
303 0.4092 0,5073 7030 12600 1,7923 k(app) = 0,00201 
359 0.4802 0.4463 7970 13800 1,7315 k(appi) = 0,000892 
408 0,5395 0,3954 7560 14300 1,8915 t(i) = SO s 
460 0,5631 0,3751 7970 15100 1,8946 Result for t(i) is fallible 
583 0,5996 0,3438 8350 15800 1,8922 
811 0,6214 0,3251 10000 16500 1,65 
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Table A 1 dn - GAN4.41 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
121 0.3863 0.5365 [M] = 0.874 molll 
191 0.6689 0.2894 [I] = om 59 molll 
249 0.7721 0.1992 [Cl = 0.000161 molll 
307 0.8382 0.1414 T = 283.15K 
360 0.881 0.1040 k(app) = 0.00594 
428 0.924 0.0664 t(i) = 90s 
485 0.9468 0.0465 Temperature varied 
549 0.9575 0.0372 up to 294.65K 
680 0.9801 0.0174 
987 1 0.0000 
Table A.1.do - GAN4.42 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
46 0.02197 0.8549 [M] = 0.8741 molll 
117 0.02125 0.8555 [I] = 0.01 516 molll 
177 0.02466 0.8525 [Cl = 0.0001540 molll 
237 0.03204 0.8461 T = 282.15K 
305 0.04762 0.8325 
369 0.04334 0.8362 
449 0.04414 0.8355 
584 0.0456 0.8342 
762 0.04433 0.8353 
1055 0.04562 0.8342 
Table A.1.dp - GAN4 43 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
81 0.0308 0.8573 [M] = 0.885 molll 
152 0.0507 0.8397 [I] = 0.0111 molll 
248 0.1396 0.7611 [Cl = 0.000113 molll 
315 0.2374 0.6745 T = 283.15K 
424 0.3291 0.5934 k(app) = 0.00462 
551 0.3933 0.5366 
780 0.5309 0.4149 
917 0.5789 0.3725 
1382 0.6131 0.3422 
Table A.l.dq - GAN4 44 
time (s) x [M] M(n) M(w) O(p) Conditions (at t=O) & Comments 
127 0.0245 0.9345 [M] = 0.9579 molll 
277 0.0455 0.9143 [I] = 0.01022 molll 
526 0.1367 0.8270 [Cl = 0.0001039 molll 
830 0.1641 0.8007 T = 283.15K 
1178 0.1718 0.7934 k(app) = 0.002616 
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Table A.1.dr - GAN4.45 
time (s) 
137 
308 
503 
685 
874 
1119 
1290 
1545 
1864 
2591 
x 
0.0171 
0.0269 
0.0325 
0.0321 
0.0346 
0.0292 
0.0323 
0.0358 
0.0254 
0.0351 
[M] 
0.8446 
0.8361 
0.8313 
0.8317 
0.8295 
0.8342 
0.8315 
0.8285 
0.8374 
0.8291 
M(n) M(w) D(p) Conditions (at t=O) & Comments 
[M] = 0.859 molll 
[I] = 0.00996 molll 
[Cl = 0.000101 molll 
T = 283.15K 
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Figure A.l.a GTP of MMA in two different types of THF 
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GPC Summary Report 
Run No: AOl 7 
Sample: GAN3-38/3 (1827) 
Calculation: Mark Houwink 
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A.3 Qualitatiye results 
These are generally for experiments designed to give a qualitative result. They are 
presented in tenns of the reason for the experiment followed by the overall result. 
GANI a - Bulk Polymerisation 
A bulk polymerisation was performed, using MTS as initiator, MMA as monomer 
and TBAB as catalyst, to see if tetrahydrofuran was wet and thus causing 
termination of GTP polymers of MMA. 95% of the monomer was converted to 
polymer, suggesting that there were problems with the dryness of tetrahydrofuran. 
GAN2.2 Comparison of Fisons and ICI MMA 
This experiment was designed to ascertain whether or not the inhibitor in the 
MMA supplied by ICI Acrylics has a significant effect on polymerisation rate 
when compared to a different source of MMA. In two identical polymerisations, 
each yielded 100% conversion after 1080 seconds. This was inconclusive as it was 
intended that the conversion profile should be plotted and only two samples of 
each polymerisation were taken during the reaction. Thus it was repeated and the 
results of further experiments with this aim are in Appendix A.I. 
GANld* Evaporation of DMF from a DMF-polymer mixture 
It was observed in some polymerisations in DMF as a solvent that conversion 
decreased with an increase in time. This lead to the suspicion that polymer was 
evaporating in the sample drying process. Therefore a sample of dry polymer was 
dissolved in DMF, then the mixture was dried in the normal way and the re-dried 
polymer weighed. It was found to be of the same weight. 
GAN3.02 Experiment to test the water content of TBAB 
To ensure there is no moisture in the supplied catalyst, a 0.126g sample of catalyst 
was dried in a vacuum oven at room temperature over a 3 hour period. In this time 
there was no decrease in weight of the sample. 
GAN3.56 Experiment to test whether all monomer is evaporated in dryim: 
To check that no monomer is left after drying polymer samples, a known weight of 
previously dried polymer (produced by bulk polymerisation) was dissolved in 
tetrahydrofuran and a known weight of MMA added. This was then dried in a 
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vacuum oven overnight after which only 0.56% of the monomer remained. This is 
an acceptable error and may even be attributed to errors in weighing. 
GAN4.05 Experiment to see if initiator is depleted as a result of termination 
This experiment was intended to support the theory that termination is a process 
which results in depletion of initiator and catalyst remains active after termination. 
A normal polymerisation ([M] = 0,9, [I] = 0.005, [C] = 0.00005) was started and 
after 60 minutes only a small fraction of monomer had polymerised (less than 3%). 
This was deemed to be due to termination of oligomers or polymer chains by 
whatever means. Addition of further initiator (lOO}d) yielded polymer at 96.8% 
conversion of monomer proving that the catalyst was unaffected by the 
termination. 
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Appendix B - Calculations 
B.l Errors 
The possibilities for errors in results is always something of concern, and to this 
end errors were estimated for experimental data where necessary. The following 
are examples of error estimation. 
8.!.1 Error Estimatjon For Monomer and Injtiator Concentrations 
As covered in section 5.2, monomer MMA is added to the reaction vessel by 
syringe. However, the syringe gauge is not used as a measurement device. For 
accuracy, the syringe is weighed before and after addition, thereby reducing the 
possible error. Assuming the weighing scales used are accurate to two decimal 
places (not an unreasonable assumption since it is expected they are accurate to 3 
decimal places). the possible error in MMA weight is ±0.OO5g. amounting to a 
possible error in concentration of ±O.OOI molll (assuming a total volume in the 
reactor of 5Om1) for values of [M]o. 
Initiator is added by syringe with a total volume of SOpl. most usually SOpl is 
added at a time. The syringe has a possible error of ± 1 % by volume, i.e. O.5pl. 
making the possible error in addition of initiator 
error * p M7S + MW M7S = 0.0005 * 0.858 + 174.32 = ±2.46e-06 molll 
where PMl"S = density of MTS (glml) 
MW /om = molecular weight of MTS (glmol) again assuming a total 
reactor volume of 5Oml. 
Thus the possible error in [M]o'[I]o is 0.277. 
8.1.2 Error Estimation for k;um and kapplm)~ 
kapp is calculated from a graph of In ([M]/[M]o) versus t. The error for [M]o is 
calculated above as ±O.OOI moll1. 
[M] is measured throughout the experiment as outlined in section 5.2. This 
involves weighing a sample withdrawn from the reaction vessel. [M] is then 
calculated as 
[M] = [M]o - [Ph 
253 
where [Ph = concentration of polymer at time t. 
The measurement of [Plt is subject to error when weighed on two occasions 
(before and after drying) amonnting to a possible error of ±O.Olg. 
Thus the possible error in terms of concentration of [Plt is 
error*pPMMA + MWp .... = 0.01 * 1.19 +3000 = ±3.97e-06 
Pp_ = density of PMMA = 1.19 glml [170) 
A low value of Mw""", is used as this gives the worst case scenario 
Thus the possible error in [Ml is ±O.OO2008 and the possible error in [Ml/[Mlo is 
±O.OO570 (to calculate error, the following values were used [M} = 0.5, [M}o = 0.9, 
since starting concentration is usually 0.9 mol/l). 
The possible error in In ([M}/[M}0) is ±0.0103 
If we use experiment GAN4.14 as an example, error bars are not visible when 
plotted (see Figure B.a). Also, variation of the values of In ([M}/[Mlo) by 
±0.01025 gives little error in the final calculation of kapp. However, excluding the 
last three points of data for this experiment does give a larger error in k app. As can 
be seen from Figure B.a, the error in this experiment is approximately ±O.000251, 
a significant error. These errors are plotted on Figure 6.4.b. The value of kapp at 
0.000835 was in fact the one chosen for this experiment, since it was reasoned that 
the six points agree vary well with each other, and the final three points could be 
influenced by a higher rate of chain termination as sometimes occurs towards the 
endofGTP. 
If this error is applied to those results used to plot figure 6.9.d, we find that the 
error in kapplkapp(m) is ± 0.184. 
The error in time, t is 0.01 s (the accuracy of the stop watch used) which can safely 
be ignored. 
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Appendix C - Derivations and Equations 
C.I Model Algorithm Equations 
The eq uations used in the model are fourth order Runge Kutta equations as set out 
below. 
where 
k, - h ' /(xn , Y,,) 
k2 - h' /(x" + h/ 2 ,y" + k, /2 ) 
k3 - h ' /(x" + h/2 , y" + ~/2) 
k4 - h ' /(x" +h, y" +k3 ) 
h = the step length , in thi s case a step in time, dt, 
Yn = the nth value of y, in this case y = [Ml, 
Xn = the nth value of x, in thi s case x = time. 
C.2 Derivation of Rate of Consumption of Monomer 
The derivation for the associative mechanism is shown in section 2.3 .7. 
C2.1 Dissociative Mechanism 
The step which in vo lves monomer consumption in the dissociat ive mechani sm can 
be represented schematica lly as: 
Thus dM - -k . M . p' dr P 
* where M = concentration of monomer, and P = concentration of a ll active species. 
* Since P can not be determined experimentall y, assume it is constant, thus kapp = 
• kpP , giving the same expression as MUlier deri ved based on the associative 
mechanism. 
C2.2 Associative and other Mechanisms 
The same result is obtained when considering other dissociative mechanisms. 
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Appendix D - GTP Model Code in TurboBasic 
REM GTP Model for set [C]O and [IJO which predicts x, IMJ , Mn, Mw, and D(p) 
REM us ing Runge-Kutta integration 
5 PR1NT "Thi s model inputs starting conditions for given cata lyst and in itiator" 
PRlNT "concentrations and predicts the outcome (conversion and M.W.D data) of 
a" 
PRlNT "Group Transfer Polymerisation of 10% MMA in THF at constant 
temperature. " 
PRINT 
[NPUT "Enter an identification number if you wi sh", id$ 
INPUT "Date? ", d$ 
INPUT "Time? ", ti$ 
INPUT "Any comments? ", c$ 
10 INPUT "Monomer concentration at t=O, in molll? ", Mo 
INPUT "Irritiator concentration at t=O, in molll? ", [0 
INPUT "Catalyst concentration at t=O, in molll? ", Co 
INPUT "Isothermal temperature (in degrees K)? ", Tmp 
INPUT "A value for alpha? ", a 
INPUT "A value for beta? ", b 
INPUT "A time interval (in seconds) for iteration? ", dt 
REM INPUT "A termination factor value? ", ter 
INPUT "Do you want to print results to printer? (y/n) ", p$ 
ON ERROR GOTO 800 
REM Now the fun begins - Calcu late. gamma (g) for lIse in Muller eq uation, IIC, 
and set 
REM variables to zero 
REM This now incorporates a factor to make Mn model more like experimental 
Mn 
90 ter = 1.7 
100 g = ter * (Mo 110) 
11Ot =0 
M = Mo 
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10vC = lo/Co 
120 dumn = 0 
130 pt=O 
REM Cale. Apparent Rate constant for propagation using 2nd order 
REM polynomial fit to an Arrhenius plot of In k(app) Vs Irrmp. 
13 I kapp = 2.718281828459"« -5028000rrmp"2) + 29230rrmp - 46.73) 
REM Adjust for concentration of catalyst 
kapp = kapp*( 12.585*( 1 0"( -0.01274*IovC))) 
REM Adjust for concentration of Initiator 
kapp = kapp*(4.825* 10"(-0.OO7448*Mo/Io)) 
REM Calc. induction time period 
132 ti = - 0.OO5247*Tmp"3 + 4.88*Tmp"2 - 1513*Tmp + 156400 
REM Adjust for concentration. of catalyst 
ti = ti *(0.3608* 10"0.OO5597*(lovC)) 
REM Adjust for concentration of Initiator 
ti = ti * (-0.OOO754*(Mollo) + 0 .889 1) 
REM Ca le. induction period rate constant using 2nd order polynomial fit 
REM to an Arrhenius plot of In k(appi ) Vs Irrmp. 
133 kappi = 2.718281828459"( - 1I459970/(Tmp"2) + 71336rrmp -I 17) 
REM Adjust for cat concentration 
kappi = kappi *(26.925*(l0"(-0.0121 * love))) 
REM Adjust for Initiator conc. 
kappi = kappi *(2. 156* 10"( -0.OO5569*Mo/lo)) 
REM Now a 4th order Runge-Ku tta is used 
IF p$ = "0" THEN GOTO 140 
135 Iprint id$ 
Iprint d$ 
Ipriot ti$ 
Iprint c$ 
136lprint "STARTING CONDITIONS" 
137 LPRlNT 'TM]o=";USING "#.#########" ;Mo 
LPRINT "[1]0=";US1NG "#.#########" ;10 
25R 
LPRINT "[C]o=";USING "#.###########";Co 
LPRINT "Temperature (K)=";USING "###.##";Tmp 
LPRINT "k(app)="; USING "#.########" ;kapp 
LPRINT "Induction Time (ti) ="; USING "#####.##";ti 
LPRlNT "During induction period kapp = ";USING "#.########";kappi 
LPRINT "alpha =";USING "#.####";a 
LPRINT "beta =";USING "###.####" ;b 
LPRINT "dt =";USING "##.###"; dt 
LPRINT 
LPRlNT "RESULTS" 
138 LPRINT "t n.1I [M] 11.11 x n.1I Mn , , , 
Mw "," D(p)" , 
139 PRINT "t 11.11 [M] 11.11 x 11. " Mn , , , 
Mw 11.11 D(p)" , 
140 goto 500 
ISO PRINT US ING "#####.####" ;t;M;x;Mn ;Mw;D 
155 IF p$= "n" THEN GOTO 170 
160 LPRINT USING "#####.####";t;M;x;Mn;Mw;D 
REM to move the printer on to the next sheet of paper 
165 LPRINT CHR$ (12) 
170 PRINT "Fini shed" 
PRINT 
INPUT "Again? (y/n)", A$ 
IF A$ ="y" then goto 5 
Print "Bye bye, keep smiling" 
STOP 
REM Calculate polydispersity and print the results 
11 . 11 
, 
11.11 
, 
REM Remember PW and PN are degrees of polymerisation. number and weight 
averages 
200 REM Test 
Print g;x ;b;a;kapp;kappi ;ti 
REM End Test 
205 PN = (x*g)/(I-(I-a)*(I-x)"b) 
210PW 
=1 +(g*(2+«2-x)*( I-b)/(b-a» )-«2*a*g*( l -a»/« b"2-a"2)*x)*( 1-(1 -x)"( 1 +b/a)))) 
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220Mn = PN * 100.11 
225 Mw = PW * 100.11 
230 D = PW I PN 
PRINT USING "###1##1.#####"; t;M;x;Mn;Mw ;D 
IF p$ = "n" THEN GOTO 290 
LPRINT USING "##/f###.####" ; t;M;x;Mn;Mw ;D 
290 dumn = 0 
300 goto 630 
REM Runge-Kutta Integration Equati ons 
500 FORj = I TO 1000000 
REM to modify for earl y on induction period 
IF t < ti THEN kp = kappi 
IF t > ti THEN kp = kapp 
kl = -kp * M * dt 
k2 = -kp * CM + k 112) * dt 
k3 = -kp * CM + k2 / 2) * dt 
k4 = -kp * CM + k3) * dt 
M = M + (kl + C2 * k2) + (2 * k3 ) + k4)/6 
REM calculate conversion 
x = I - (M I Mo) 
t = t + dt 
REM To end calculation at near 100% conversion 
570 IF x > 0.9999 THEN GOTO 150 
REM Invoke printing of parameters at regular intervals 
dumn = dumn + dt 
580 IF t < lOO AND dumn > 10 THEN GOTO 200 
590 1Ft < 500 AND dumn > 50 then goto 200 
592 IF t < 1000 AND dumn > 100 THEN GOTO 200 
594 IF t < 2000 AND dumn > 200 THEN GOTO 200 
596 IF t < 5000 AND dumn > 500 THEN GOTO 200 
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597 IF t > 5000.00 LAND dumn > 1000 THEN GOTO 200 
600 
630 NEXT j 
REM just in case of long iteration 
LNPUT "Lteration has gone beyond the pre-set limit, to carry on, input J ", ANS 
IF ANS = L, THEN GOTO 500 eLse goto LSO 
REM in case of errors in input 
800 PRINT" There has been an e rror in input values, pl ease try again" 
GOT05 
1000 end 
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